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Abstract: Based on Quantum Gravity arguments, it has been suggested that all kinetic
terms of light particles below the UV cut-off could arise in the IR via quantum (loop)
corrections. These loop corrections involve infinite towers of states becoming light (e.g.
Kaluza-Klein or string towers). We study implications of this Emergence Proposal for
fundamental scales in the Standard Model (SM). In this scheme all Yukawa couplings
are of order one in the UV and small Yukawas for lighter generations appear via large
anomalous dimensions induced by the towers of states. Thus, the observed hierarchies
of quark and lepton masses are a reflection of the structure of towers of states that lie
below the Quantum Gravity scale, ΛQG. Small Dirac neutrino masses consistent with
experimental observation appear due to the existence of a tower of SM singlet states of
mass m0 ≃ Yν3Mp ≃ 7 × 105 GeV, opening up a new extra dimension, while the UV
cut-off occurs at ΛQG ≲ 1014 GeV. Additional constraints relating the Electro-Weak (EW)
and cosmological constant (c.c.) scales (denoted MEW and V0) appear if the Swampland
condition mν1 ≲ V

1/4
0 is imposed (with ν1 denoting the lightest neutrino), which itself arises

upon applying the AdS non-SUSY Conjecture or the AdS/dS Distance Conjecture to the
3d vacua from circle compactifications of the SM. In particular, the EW scale and that of
the extra dimension fulfill m0MEW ≲ 102 V

1/4
0 Mp, thus relating the EW hierarchy problem

to that of the c.c. Hence, all fundamental scales may be written as powers of the c.c.,
i.e. m• ∼ V δ

0 M
1−4δ
p . The scale of SUSY breaking is m3/2 ≲ 7 × 105 GeV, which favours a

Mini-Split scenario that could be possibly tested at LHC and/or FCC.
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1 Introduction

In spite of the amazing success of the Standard Model (SM) of Particle Physics in describing
all available experimental data, our total lack of understanding of the mass scales in
which it is based upon is quite embarrassing. In the present paper we try to improve this
understanding, so let us begin by recalling the observed structure of fundamental scales
in physics:

• The least understood scale from a fundamental point of view is that of the cosmological
constant (c.c.), whose existence provides the simplest explanation for the accelerated
expansion of the universe. Its value is V0 ≃ (2.4 meV)4, around 120 orders of magnitude
smaller than the largest fundamental scale ∼M4

p , with Mp the (reduced) Planck mass
Mp ≃ 2.4 × 1018 GeV.

• The Electro-Weak (EW) scale, MEW ≃ 102 GeV ≃ 10−16Mp. Here the issue is that it is
fixed by the vacuum expectation value (VEV) of a Higgs scalar ⟨H0⟩ ≃ 175 GeV, whose
mass is unstable against quadratic loop corrections. Therefore we do not understand
how this huge hierarchy is maintained. An attractive explanation to ensure this
stability is the possible presence of low-energy supersymmetry (SUSY), slightly above
the EW scale. However LHC data has shown no trace of supersymmetric particles so
far and a certain degree of fine-tuning is already required. Furthermore, even if SUSY
was found, solving this stability problem, an understanding of the hierarchy itself
would still be required. An interesting relationship which approximately matches with
the observed values is the following

M̃ ∼
√
V

1/4
0 Mp ≃ 103 GeV , (1.1)
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in which a scale M̃ slightly above the EW scale appears as a geometric mean of the
c.c. and Planck scales. However, no compelling theoretical derivation of such an
expression is currently available.

• Neutrino masses are much smaller than that of any other charged fermion in the
SM. Oscillation experiments have told us that two neutrinos have masses in a range
about mν2,3 ∼ 10−1 − 10−2 eV, whereas the lightest neutrino may be arbitrarily light.
It is not yet known if the observed neutrinos have Majorana or Dirac masses and
whether these present a normal or an inverted hierarchy (although the former is
slightly favored). As in the expression above, there is the remarkable numerical fact
for the overall scale of neutrinos

mν ∼ V
1/4

0 . (1.2)

These small values for neutrino masses can be straightforwardly explained in terms
of the see-saw mechanism [1–3], in which they get Majorana masses of order mν ∼
| ⟨H0⟩ |2/ML, with ML some high scale at which lepton number is violated, but the
mechanism itself does not explain the interesting coincidence in eq. (1.2).

• The particular value of the Higgs mass has also raised some new questions. With
mH ≃ 126 GeV, a renormalisation group computation for the (non-SUSY) SM tells us
that the Higgs potential becomes unstable (or metastable) at a mass scale of the order
of 109 −1012 GeV [4, 5]. One way to avoid this instability is the presence of SUSY at a
scale ≲ 1012 GeV. In fact, the experimental value of the Higgs mass is consistent with
the predictions of the Minimal Supersymmetric Standard Model (MSSM) which yield
mH ≲ 140 GeV, with the upper bound being only possible for a very massive SUSY
spectrum. Indeed, a value of mH ≃ 126 GeV requires heavy squarks with masses
typically ≳ 104 GeV. Thus, this may point to the possible presence of SUSY in a
range MSUSY ∼ 104 ∼ 1012 GeV.

Additionally, the flavour structure is not yet understood, although some general patterns
are apparent: The spectrum of quarks and charged leptons is hierarchical, with mgen ,1 ≪
mgen ,2 ≪ mgen ,3 for the three generations and an approximately diagonal CKM matrix.
These general patterns may be obtained in a variety of models, see e.g. [6] for a review.

In most traditional approaches to address the above structure of fundamental scales,
possible Quantum Gravity (QG) effects are usually neglected. In principle, this looks like a
reasonable attitude from the Wilsonian point of view, since the Planck scale Mp ≃ 1018 GeV
is well above any relevant scale involved in SM physics, and therefore one expects any
local operator involving quantum gravity to be suppressed by powers of the Planck mass.
However, it is becoming increasingly clear that in addressing aspects like e.g. the EW
hierarchy problem or the c.c. issue this approach may be unjustified. The tacit assumption
being that any (anomaly-free) low-energy quantum field theory one can write down may be
consistently coupled to QG. However, this assumption is incorrect and it has been argued
that most of the effective field theories (EFTs) one can think of cannot be consistently
coupled to gravity in the UV [7]. String theory, our firmest candidate for such a consistent
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QG theory, provides us with many such examples, like e.g. the fact that in d = 10 there are
only a few consistent theories that correspond to the known 10d SUSY-strings (and a few
non-SUSY ones). The identification of the theories that are consistent versus those which
are not is the aim of the Swampland Program (see [8–10] for reviews).

In this paper we try to study how some of the recent developments in the Swampland
Program may shed new light on our understanding of the structure of fundamental scales
in physics. One of the ideas put forward within this context is that of Emergence [8, 11–21].
In a nutshell, it amounts to the statement that the kinetic terms of all massless particles are
negligible at the UV scale of the theory. They should then appear as an IR effect due to loop
corrections involving the sum over infinite towers of states becoming light (in Planck units)
with a characteristic mass scale m0. These towers correspond to e.g. Kaluza-Klein (KK)
towers or in some cases to string oscillators [22].1 In this article we emphasise that, in the
context of Emergence, hierarchies of Yukawa couplings may appear easily. Indeed, one
interesting point within this paradigm is that if e.g. a fermion couples to one such tower, its
wave-function Z gets enhanced by factors of the form Z ∼ (ΛQG/m0)γ , with γ some constant
of order one and ΛQG denotes the UV cut-off [20]. This is interesting because, once one goes
to canonical kinetic terms for the light fermions, Yukawa couplings Y ijk

0 get suppression
factors Y ijk

0 → (ZiZjZk)−1/2 Y ijk
0 , which may then generate hierarchies of fermion masses,

even if we started with all Yukawa couplings Y ijk
0 at the UV being of order one. We discuss

how this structure may describe the observed mass hierarchies of charged leptons and quarks
in the SM, assuming the latter couple to appropriate towers of states. Such a situation,
in which SM hierarchies are generated via hierarchical kinetic terms, has a long history
(see e.g. [23–27]). The structure of SM mass hierarchies we obtain is somewhat similar to
the one in the ‘Superconformal Flavour’ models studied in [25, 26], where the existence of
strongly interacting superconformal sectors enhance the wave-function renormalisation of
fermions by factors of the form Z ∼ (ΛUV/Λc)γ , with γ being some anomalous dimension
of order one and Λc the scale below which the strongly interacting sector ceases to be
conformal [25, 26]. In spite of this formal similarity, the physics underlying the two schemes
is quite different, since in our case the hierarchies originate from the existence of towers of
states — of quantum gravitational nature — coupling to massless matter fields, which is a
characteristic feature of string theory compactifications.

The generation of hierarchies via towers of light states gets particularly interesting in
the neutrino sector. In particular, if right-handed neutrinos exist and have very large wave-
function renormalisation due to their couplings to a light tower of states of characteristic scale
m0, the neutrinos may get hierarchically small Yukawa couplings Yν ∝ m0/Mp. We find that
Dirac masses consistent with experimental neutrino data are obtained if m0 ≃ 7 × 105 GeV,
signaling the opening of an extra dimension above that scale. The existence of such a tower
of states implies a lowering of the fundamental gravitational scale from the naive 4d Planck
mass, Mp, down to ΛQG ≃ 1014 GeV.2 Thus, in this scheme neutrinos are naturally of Dirac

1See [20] for a recent systematic study of this Emergence Proposal in quantum gravity and some string
theory tests.

2Here ΛQG is the ‘species scale’ defined as the effective scale at which quantum gravity effects become
dominant [28–30], and it captures the fundamental QG scale of the UV complete theory.
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type and their observed masses are very small because the right-handed components receive
large wave-function renormalisation effects through their coupling to such an infinite tower
of states.

With the presence of a tower at m0 ≃ 7 × 105 GeV one can describe the smallness
of neutrino masses but this by itself does not give us a reason for why such a low scale
exists in the first place. However, more constraints about the fundamental scales of physics
are obtained if one assumes the validity of certain Swampland criteria, in particular the
AdS non-SUSY conjecture [31] and/or the AdS Distance Conjecture (ADC) of ref. [32].
The former, which has been tested in many string theory examples, states that stable
non-SUSY AdS vacua cannot exist in QG. The latter, states that in a family of (AdS)
vacua with c.c. V0, the asymptotic limit |V0| → 0 must be accompanied by an infinite tower
of states becoming massless (in Planck units) as mtower ∼ |V0|α. It is known that if we
compactify the SM on a circle, AdS minima tend to appear in 3d originated by Casimir
forces balanced against the term coming from the pure 4d vacuum energy, V0 [33]. Avoiding
such problematic three-dimensional AdS vacua3 leads to an upper bound on the lightest
neutrino mass in terms of the 4d c.c. [34–36] (see also [37–39]):

mν1 ≲ V
1/4

0 . (1.3)

Notice that full non-perturbative stability of these vacua, which strictly speaking would
be necessary for them to be problematic, cannot be completely established from our
EFT approach. However, the energetics of semiclassical bubble decays that would yield
instabilities of our 4d vacuum have been shown not to produce a decay of the problematic
3d vacua within very reasonable assumptions [34], hence supporting the idea they must
be absent. Furthermore, the same condition is obtained in terms of the ADC [39], which
states that within said 3d SM there cannot be transitions from positive to negative energy
minima, and thus does not require full stability of these vacua for them to be problematic.
In any event, the above inequality is an interesting bound which may give us a new handle
on the experimental coincidence between the scale of neutrino masses and that of the
c.c., as pointed out in eq. (1.2). As we argue in the present work, this leads to a bound
of the form m0MEW ≲ 102 × V

1/4
0 Mp, which in order not to be violated requires again

that m0 ≲ 106 GeV. Thus, we now have an understanding of why neutrinos are so light:
We conclude that higher values for neutrino masses would violate the aforementioned
Swampland conjectures. One also finds separate upper bounds for both the EW scale and
the tower scale m0

MEW ≲ ϵ1/2 V
1/8

0 M1/2
p ∼ 102 GeV , m0 ≲ 10 × ϵ−1/2 V

1/8
0 M1/2

p ∼ 7 × 105 GeV , (1.4)

where ϵ ∼ 10−2 is related to the mass hierarchy of charged leptons (see below). The
first of these expressions provides a solution to the EW hierarchy assuming the above
Swampland conditions hold. Notice that we now obtain an expression like the one in

3This, together with the analogous results obtained from the ADC, strongly support the idea that it
these vacua must be absent in a fully consisten theory of QG.

– 4 –



J
H
E
P
1
0
(
2
0
2
3
)
1
7
2

eq. (1.1) upon defining M̃ as the geometric average between the EW and the tower scales,
i.e. M̃ =

√
MEWm0 , which does verify M̃ ∼

√
V

1/4
0 Mp.

Thus we find that a combination of Emergence and the AdS non-SUSY (and/or the
ADC) conjectures would provide an understanding of the EW and neutrino mass scales
in terms of the c.c., V0. Emergence would also provide a mechanism for the generation of
quark and lepton mass hierarchies. In all this argumentation supersymmetry does in fact
not play any crucial role, although one may still ask whether SUSY would be compatible
with this structure. One can give an upper bound on the gravitino mass by noting that
m3/2 ≃ |W |/M2

p ≲ Λ3
QG/M

2
p ≃ 7 × 105 GeV, where we have assumed that the maximum

VEV for the superpotential is bounded by Λ3
QG, with ΛQG ≃ 1014 GeV being the UV cut-off.

Thus one expects typical SUSY masses below MSS ≲ 7 × 105 GeV. Interestingly it is known
that a typical SUSY spectrum with squarks in the range 104 − 106 GeV leads to a Higgs
mass around mH ∼ 126 GeV and is thus consistent with LHC data. More specifically such
values for the SUSY spectrum are characteristic of the Mini-Split scenario in [40–42], so
that much of the phenomenology of these models would also apply to our setting.

One remarkable observation to be made is that all fundamental scales in the theory,
including the UV scale, ΛQG, the EW scale, MEW, the tower scale, m0, the neutrino masses
and the gravitino mass — in the case of a supergravity EFT — can be written in terms
of powers of the c.c., namely m• ∼ V

1/n
0 M

1−4/n
p , with n = 24, 8, 4. Thus, all scales go to

zero as V0 → 0. This is in agreement with the AdS Distance Conjecture [32], which in the
present case would be fulfilled by the tower of scale m0. It is thus natural to consider an
Upside Down Universe [43] in which the fundamental scale is the cosmological constant.
In this context we briefly discuss the possibility of the c.c. being an external boundary
condition in the theory, as suggested in [44].

The structure of the rest of the paper is as follows. In the next section we introduce
the Emergence Proposal in Quantum Gravity and how hierarchies of Yukawa couplings
naturally arise in that context. Additionally, we briefly review some ideas from the
Swampland Program which are used later. In section 3 we discuss how the mass hierarchies
of the Standard Model fermions, including neutrinos, appear in this scheme. In section 4 we
review how the Swampland bound (1.3) leads to an upper bound on the EW scale and how
all fundamental scales may be expressed in terms of powers of the c.c., V0. We also discuss
the (minimal) supersymmetric SM case and some phenomenological implications. Finally,
in section 5 we present a short digression about the new perspectives that may arise from
our analysis, emphasizing the idea that all low energy scales in the Standard Model seem
to depend on the cosmological constant. We conclude with some final comments and open
questions in section 6.

2 Emergence and the Swampland

In this section we introduce some ideas about the Swampland Program which will be helpful
in the sections below. A first point to remark is that in the presence of Quantum Gravity,
i.e. for a finite value of Mp, some unfamiliar phenomena may occur when coupling an EFT
to the gravitational field. A simple example is a U(1) theory coupled to charged matter
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with gauge coupling g. In field theory not coupled to gravity one can take the limit g → 0
and nothing special happens. On the contrary, one would say that perturbation theory gets
better and better. However, in the presence of gravity we have learned in the last decade
that as g → 0 there is a cut-off, m0, which behaves as

g → 0 ⇒ m0 ≲ gMp . (2.1)

This physics cut-off, m0, turns out to correspond to an infinite tower of states, in particular
KK or string excitations [22], and m0 is typically the mass of the lightest state in the tower.
Note that this effect disappears in the absence of quantum gravity, i.e. as Mp → ∞. The
bound (2.1) is usually referred to as the magnetic Weak Gravity Conjecture (WGC) [45]
(see also [8–10, 46]). Heuristically, if g becomes too small there is the risk of the gauge
interaction becoming weaker than gravity, and QG tries to avoid this by taking the theory
towards a higher dimension or popping in critical string excitations. The presence of towers
of states is ubiquitous in QG and string theory. In this context, it has also been shown in
large classes of string vacua that, considering a geodesic distance ∆ϕ in moduli space larger
than the Planck scale, a tower of states with exponentially dumped masses appears, namely
mtower ∼ m0 e

−λ∆ϕ , with λ some O(1) constant. This has been termed as the Distance
Conjecture [12, 47–49].

While these phenomena are well established and have been checked in large classes of
string vacua, it has also been conjectured that, if there is a family of scalar potentials with
minima |V0| → 0, a tower of states with characteristic mass mtower should appear with

|V0| → 0 ⇒ mtower ≲ |V0|αM1−4α
p , (2.2)

where α is an O(1) positive constant whose range of allowed values may depend on the sign
of V0 [32].4 This has been tested for AdS in plenty of string vacua but only conjectured for
dS vacua. The latter are notoriously difficult to construct in string theory [48, 50, 51], and
hence there is less explicit evidence for the above conjecture in positively curved backgrounds.
If applied to our observed universe, identifying V0 with the observed cosmological constant,
and given its tiny value, it means that there should be an infinite tower of light (compared
to the fundamental scale) particles in the theory which describes our universe. However, the
scale of this tower depends sensitively on the (unknown) value of the α parameter. We will
argue below that matching of neutrino mass data suggests m0 ≃ 7 × 105 GeV and α = 1/8
in the context of Emergence.

These phenomena are unfamiliar from the pure EFT point of view. They, as well
as other generic properties of QG, are the subject of systematic scrutiny at the moment.
One of the main goals being to identify whether there is some general principle underlying
the different properties, some unifying scheme. One proposal along this direction is the
Emergence Proposal, which we describe next.

4This conjecture is deeply related with the Distance Conjecture, as it arises from a generalization of the
notion of infinite distances from moduli spaces to general field configurations (see [32] for details).
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The Emergence proposal. The Emergence Proposal [8, 11, 12, 14, 15, 20], may be
formulated — in its strongest version — as follows:

In a theory of Quantum Gravity all light particles in a perturbative regime have no
kinetic terms in the UV. The required kinetic terms appear as an IR effect after integrating
out towers of states below the QG cut-off.

Note that the absence of kinetic terms implies that the theory in the UV must be
strongly coupled, and the observed weakly coupled SM should appear as an IR effect. It
has been argued that the condition of vanishing kinetic terms in the UV could perhaps
suggest the existence of an underlying topological fundamental theory, in which particles do
not propagate (see figure 1). There would be couplings among non-propagating fields but
no geometric objects, i.e., no metrics for the kinetic terms, see e.g. [11, 52]. An attractive
feature of this proposal is that it has been argued to provide a qualitative understanding
of both the case of the magnetic WGC and the SDC mentioned above. In any event, let
us emphasize that assuming this strong version of the Emergence proposal is not strictly
necessary for our upcoming arguments. In fact, the only (milder) requirement is that the
tower-generated contribution to the aforementioned kinetic terms be the dominant one.
This could happen, for instance, if the corresponding fields were simply strongly coupled
in the UV with gUV ∼ 1, but not strictly gUV ≫ 1. In any case, in the absence of more
powerful tools to analyze the non-perturbative dynamics of a general theory (as e.g. higher
supersymmetry and/or dualities), it is not even a well defined task to try to differentiate
between the two cases above in general. Thus, from now on we remain agnostic about this
nonetheless interesting question and proceed assuming only that the leading contribution to
the relevant kinetic terms are those coming from integrating out the corresponding towers
of states.

Let us first discuss how this arises for the WGC. Consider a four-dimensional U(1)
gauge theory with no kinetic term for its massless fields to begin with, but with (minimal)
couplings to a tower of states with increasing masses and (quantized) charges given by

m2
n = n2m2

0 , qn = n , (2.3)

with n ∈ Z. This correspond to a standard single KK tower characterized by the scale m0.
An important definition is that of the species scale, denoted here as ΛQG, which gives the
UV cut-off scale at which QG effects become important. It is given by [28–30]

Λ2
QG ≲

M2
p

N
, (2.4)

where Mp is the Planck scale and N is the number of degrees of freedom below ΛQG itself.
Note that the highest state of the tower that we can consider is the one whose mass sits
precisely around ΛQG, i.e. ΛQG ≃ N m0. Consider now the one-loop contribution due to
this tower of charged particles to the U(1) wave-function renormalisation. It is computed
as follows

1
g2 ≃

N∑
n

n2 log
(

Λ2
QG

m2
0 n

2

)
∼ N3 ≲

M2
p

m2
0
, (2.5)
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Figure 1. Scheme of Emergence in QG. Massless fields do not have any kinetic term in an underlying
strongly coupled theory. The metrics are generated by loops involving the contributions of towers
of states.

where we have approximated the summation with an integral (which is justified whenever
the number of states is sufficiently large, as in the relevant cases here) and we used the
relation ΛQG ≃ N m0 as well as Λ2

QG ≲ M2
p /N . We then obtain that the scale of the

tower is bounded as m2
0 ≲ g2M2

p , which is the magnetic WGC bound in eq. (2.1). Thus
the one-loop contribution from the tower gives rise to a kinetic term for the gauge vector
bosons but also in a way which is automatically consistent with the WGC. Similarly, the
exponentially suppressed behaviour of the masses of the towers of states with the distance
in moduli space can be derived, as required by the SDC.

Let us consider now the one-loop generation of kinetic terms for light fermions.5 This
is different from the case of gauge bosons for a couple reasons. In particular, the loops in
question must contain one fermion and one boson in the internal propagators, interacting
with the massless fermion through couplings as the ones displayed in figure 2. That means
that we need, in general, towers of massive fermions as well as towers of massive bosons,
with couplings of the form Yn ϕ(n)

(
ψ(n)χ

)
and/or Ỹn

(
ψ(n)σµχ

)
V

(n)
µ , where ϕ(n) and V (n)

µ

denote the towers of scalars and vector bosons, respectively. In general, the towers that enter
each loop may be independent and, unlike in the case of gauge interactions, the Yukawa
couplings Yn, Ỹn are not a priori restricted by gauge invariance. As a proof of concept, we
consider the simplest case, in which the towers that run in the loop have both the same
mass structure; and the Yukawa couplings of the massless fermion, χ, to the massive modes
scale as Yn, Ỹn ∼ n, similarly to the case of the gauge bosons considered above. This is
the typical behavior when e.g. the massless fermion is a gaugino in an N = 1 theory. One
may consider also the case in which the boson and fermion towers in the loop have different
mass scales (see [20]), but the qualitative structure remains the same. Therefore, we take
the masses for both fermions and bosons in the towers to be equal, namely mb

n = mf
n = mn,

5Additional constraints due to the presence of fermionic particles in consistent low energy EFTs were
already explored in [53]. In that work, non-trivial consequences for the Yukawa couplings and the scale of
supersymmetry breaking were proposed.
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φn

ψn

χ χ

(a)

Vn

ψn

χ χ

(b)

Figure 2. One-loop diagrams contributing to the kinetic terms of fermions.

and
mn = nm0 , ΛQG ≃ N0m0 , Yn = n , (2.6)

where N0 is the total number of states in the towers. Then one gets for the quantum-corrected
metric of the massless fermion after summing over the tower of states the following

gχχ ∼
N0∑
n

n2 ∼ N3
0 ≃

(
Mp

m0

)2
, (2.7)

where we have used the species scale definition Λ2
QG ≃M2

p /N0. It is interesting for later use
to consider additional independent — or additive, as explained in [20] — towers6 labeled by
an index i ∈ N with

m(i)
n = nim

(i)
0 , Y (i)

n = ni , (2.8)

assuming also m(i)
0 ≫ m0, and hence with much fewer total number of states, Ni ≪ N0. In

such a case the species scale is approximately the same, since Λ2
QG ∼M2

p /(N0 +∑
iNi) ∼

M2
p /N0. We have

ΛQG ≃ N0m0 ≃ Nim
(i)
0 , (2.9)

and then for the metric, gīi, of the massless chiral fermions to which the heavier towers
couple we find

gīi ∼
Ni∑
ni

n2
i ∼ N3

i ∼
(

ΛQG

m
(i)
0

)3

. (2.10)

Thus, one observes that the wave-function renormalisation due to both types of towers,
heavy and light, may become quite large if the tower scales, m0 and mi

0, also become small.
We will take profit of this latter fact to generate hierarchical Yukawa couplings in the
SM below.

Notice that in theories with extra dimensions and string compactifications the masses of
the particles in the loops depend on certain moduli, mtower = mtower(ϕ), so what one actually
obtains is moduli dependent kinetic terms gij̄(ϕ). Thus e.g. in a circle compactification of a
5-th dimension of radius R5 one would have m0 ≃ 1/R5 and a quantum-induced kinetic
term gχχ ∼ R2

5.
6From a string theory perspective, one may think of these subleading towers as living on a localised

defect, such as a brane, whilst the dominant one may be associated to a transverse direction in the bulk.
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Hierarchies and Yukawa couplings. Let us consider now some renormalisable Yukawa
coupling and see what is the effect of this emergent behaviour. To simplify notation let us
consider a N = 1 case with a superpotential W (Φ) = SijkΦiΦjΦk, although the results will
still apply in a non-SUSY setting. The kinetic terms are given by metrics gīi which we take
here to be diagonal so as to simplify the discussion. Then, after going to canonical kinetic
terms for the light fields one gets physical Yukawa couplings of the form

Yijk = Sijk(gīigjj̄gkk̄)−1/2 . (2.11)

The idea in Emergence is that all entries in Sijk are O(1) numbers and any possible
hierarchically small Yukawa coupling should come from the dependence on the metrics.
Let us consider the case of the towers defined in eq. (2.8). One would get for the Yukawa
couplings a structure

Yijk ≃ Sijk

[(
m

(i)
0

ΛQG

)(
m

(j)
0

ΛQG

)(
m

(k)
0

ΛQG

)]3/2

, (2.12)

with ΛQG the relevant UV (species) scale. It is clear that the size of the Yukawa couplings
will get suppression factors whenever any light field Φi couples to a tower of states of
characteristic mass scale m(i)

0 . We will make use of this feature to obtain hierarchies of SM
Yukawa couplings in the next section.

It is worth remarking at this point the similarity between the above generation of
hierarchical Yukawas and that of the ‘Superconformal Flavour Models’ pioneered in [25, 26].7
In those models the matter fields interact with a conformal sector and different generations
present different anomalous dimensions.8 Thus, the wave-function factors Zi for each field
Φi obey

Z−1/2
i = exp

(
−1

2

∫ log ΛUV

log Λ(i)
c

γi d(logµ)
)

≃
(

Λ(i)
c

ΛUV

) 1
2 γi

, (2.13)

where Λ(i)
c is the scale at which the strongly coupled theory connected with i-th particle

ceases to be conformal and γi is the anomalous dimension which we take to be approximately
constant and naturally of order one. In the simplest models one has a single conformal
sector and there is a single conformal scale Λ(i)

c = Λc. Interestingly, we see that in our case
we get the same suppression factor which would correspond to an anomalous dimension
γi = 3 for a tower scale m(i)

0 ≃ Λ(i)
c and UV cut-off ΛUV = ΛQG. The superconformal

flavour models are attractive but the explicit realisations involve large strongly interacting
groups and large number of extra chiral multiplets. This leads generically to the presence of
Landau poles below the fundamental case. In our case that structure is replaced by towers
of KK-like particles, which are common in string vacua, and induce large wave-function
renormalisation for matter fields.

7Perhaps this similarity would not be a coincidence if an holographic dual of the SCFT existed, which
would live in one higher dimension, similar to our setting.

8Our convention for the anomalous dimension is γ ≡ −µ ∂ log Z
∂µ

, following that of the references [25, 26].
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3 Flavour structure and neutrino masses

If the emergence idea is correct, all kinetic terms of the particles in the SM should arise from
loop corrections upon integration over (asymptotically) infinite towers of states. However,
the details of the resulting IR kinetic terms would strongly depend on which specific towers
are coupled to the SM particles. There could be KK-like towers, string towers or both, whilst
the SM massless particles could interact with different combinations of these towers. Thus,
the kinetic terms will depend on the structure of the underlying theory and which particular
point in moduli space the SM is sitting at. So one either has an specific compactification
containing the SM in its massless sector and studies the different towers appearing as one
moves in moduli space — and how they couple to this massless sector — or one makes some
simplifying assumptions. We will follow here the latter approach with the aim of showing
some possible phenomenological applications of Emergence to the SM physics as well as
some interesting questions that arise in this attempt.

3.1 Emergence of hierarchical SM Yukawas

Let us now consider possible effects on the structure of the Yukawas present in the Standard
Model. We showed above how Emergence may naturally lead to hierarchies in Yukawa
couplings through large wave-function renormalisation factors, Zi. We would now like to
discuss whether this structure could in principle provide an understanding of the hierarchies
of fermion masses in the SM in terms of the structure of IR towers appearing in the
underlying theory. In the emergence scheme all Yukawa couplings in the UV would be of
order one, and the required hierarchies for the first two generations should arise because of
large quantum corrections. This possibility has been considered in the past, thus e.g. in [23]
it was proposed that ‘all fermions are created equal’ and specific models were constructed
in which the anomalous dimensions were large enough to cope with hierarchies of O(10−5),
as required by the SM fermionic spectrum. However, this required from an extension of
the SM which happened to be problematic, such that these attempts did not quite work
in the end. Alternatively, one could try to obtain ‘hierarchical Yukawa couplings’ upon
starting with ‘hierachical metrics’ in supergravity models, as considered e.g. in [24]. More
recently, certain models were constructed which coupled the SM to a (nearly) SCFT sector
in such a way that large anomalous dimensions were generated for the SM particles (see
e.g. [25–27]), as we mentioned above. We argue here that Emergence gives a new twist
to these attempts: Large quantum corrections to the kinetic terms arise quite naturally
because of the presence of relatively light towers interacting with the massless sector. Let
us see how this could work in a N = 1 extension of the SM (although the main lessons
would apply also to non-SUSY settings). In the UV, the relevant superpotential would have
the form

WY = H
(
SU

ijQ
i
LU

j
R + Sν

ijL
iνj

R

)
+H

(
SD

ijQ
i
LD

j
R + SE

ijL
iEj

R

)
, (3.1)

where the matrices SU,D,L,E
ij have entries of order one and we use standard notation for

the MSSM superfields (see e.g. [54]). According to the above arguments, in the presence
of towers generating the kinetic terms for all SM particles, one gets normalised Yukawa
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couplings

Y U
ij ≃ SU

ij

(
gH̄g

(i)
Q g

(j)
U

)−1/2
, Y D

ij ≃ SD
ij

(
gHg

(i)
Q g

(j)
D

)−1/2
,

Y E
ij ≃ SE

ij

(
gHg

(i)
L g

(j)
E

)−1/2
, Y ν

ij ≃ Sν
ij

(
gH̄g

(i)
L g(j)

νR

)−1/2
,

(3.2)

where again we are taking the matter metric to be diagonal for simplicity. In order to recover
the experimental fact that mtop = m

(3)
U ≃ | ⟨H̄⟩ | ≃ 175 GeV, we set gH̄ ≃ g

(3)
U ≃ g

(3)
Q ≃ 1.

For simplicity, we also impose gH ≃ g
(3)
D ≃ 1, assuming that mbottom ≪ mtop is due to the

fact that tan β = |H̄|/|H| ≫ 1, since this is enough to generate the desired hierarchies, but
more involved models could also be considered. Define now small parameters

ϵ
(i)
f =

(
g

(i)
f

)−1/2
i = 1, 2 , f = Q,U,D,L, νR , (3.3)

for the first two generations i = 1, 2. As a first approximation, let us consider the simple
case in which these parameters only depend on the generation number so that ϵ(i)f = δi

for all f , such that we have only two of them, namely δ1, δ2. One can associate to those
parameters certain towers of states with characteristic mass scales m(1)

0 ,m
(2)
0 , such that one

indetifies (cf. eq. (2.10))

δ1 =
(
m

(1)
0

ΛQG

)3/2

, δ2 =
(
m

(2)
0

ΛQG

)3/2

. (3.4)

Then we have a structure of fermion masses of the form

(mtop,mcharm,mup) ∼ |H̄|
(
1, (δ2)2, (δ1)2

)
,

(mτ ,mµ,me) ∼ |H|
(
1, (δ2)2, (δ1)2

)
,

(mbottom,mstrange,mdown) ∼ |H|
(
1, (δ2)2, (δ1)2

)
,

(mν3 ,mν2 ,mν1) ∼ |H̄|
(
1, (δ2)2, (δ1)2

)
,

where we have set all the entries in the UV couplings Sijk to be of O(1). By choosing
δ1 ∼ 10−2 and δ2 ∼ 10−1 one obtains qualitative agreement with the observed structure of
fermion masses in the SM. Notice that eq. (3.4) suggests us that the required towers would
be at most one or two orders of magnitude below the QG scale ΛQG. It can be checked
that one also obtains an approximately diagonal CKM matrix, as observed experimentally.
Of course, this is an oversimplified set-up and one may obtain more detailed agreement by
playing e.g. with the order one parameters in the S entries or by considering e.g. leptons and
quarks within the same generation to have different ϵ-factors. The above considerations just
illustrate how the notion of Emergence may provide us with new perspectives to address the
flavour problem of the SM. In some way, it may be considered as a new ‘twist’ to the old idea
that flavour hierarchies may arise due to the presence of large flavour-dependent quantum
corrections. In Emergence, there is a natural source for the required large wave-function
renormalisation of quarks and leptons, namely the existence of infinite towers of states
coupling to the light fermionic fields. The structure of masses observed at low energies would
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N1, 2
n

Qn
i , L

n
i ,Hn

Qi, Li Qi, Li

(a)

V 1, 2
n

Qn
i , L

n
i ,Hn

Qi, Li Qi, Li

(b)

Ñ j
n

Ñk
n

νiR νiR

(c)

Figure 3. One-loop diagrams contributing to the kinetic terms of quarks and leptons. a) and b)
from scalar or vector particles coupling to the first two generations (i = 1, 2). c) Right-handed
neutrinos may get additional large contributions from towers of SM singlets N i

n.

be a reflection of the structure of SM singlet towers present at high energies. It would be
interesting to explore in detail the new possibilities offered to fermion mass model-building
from this renewed perspective. We refer the reader to [25, 26] which even though they are
based on very different physics, lead to similar parameterisations.

Dirac neutrino masses and an extra dimension. Neutrino masses are very special in
the context of the Standard Model, particularly due to their extremely small masses. We
do not know yet what is the absolute value of the three neutrino masses, but oscillation
data implies for the mass differences (see e.g. [55])

∆m2
21 = (7.42 ± 0.2) × 10−5 eV2 , ∆m2

31 = (2.51 ± 0.028) × 10−3 eV2 . (3.5)

With a normal hierarchy this suggests e.g. for the heaviest neutrino mν3 ≃ 5 × 10−2 eV. We
do not know either whether they are of Dirac or Majorana type. Whereas the standard
see-saw mechanism [1–3] gives an elegant explanation to the smallness of neutrino Majorana
masses, it is fair to say that an equally elegant mechanism for attaining small Dirac neutrino
masses has not been proposed so far. In what follows, we describe how very small Dirac
masses may appear in the context of Emergence, and in the next subsection we will show
why those are required by the consistency of the UV theory, relating this to the smallness
of the cosmological constant and the EW scale.

We just saw that, in the presence of right-handed neutrinos, there will be Yukawa
couplings given by

Y ν
ij ≃ Sν

ij

(
gH̄g

(i)
L g(j)

νR

)−1/2
. (3.6)
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We set the metrics gH̄ ∼ 1 since, as discussed above, it qualitatively reproduces the known
masses for SM fermions of the third generation. In order to obtain neutrino Dirac masses
of order 10−1 − 10−3 eV one needs Yukawa couplings of order Yν ∼ 10−12 − 10−14, whereas(
g

(i)
L

)−1/2
provides only a small suppression factor if we want to recover the correct masses

for the charged leptons. Thus, the only way to achieve such a large suppression is to have
very large wave-function renomalisation effects for the right-handed neutrinos. Luckily,
unlike the case of the rest of the SM fermions, the right-handed neutrinos can have couplings
to (massive) singlets Ñ i of the general form λijk(νi

RÑ
jÑk) so that a diagram like that in

figure 3(c) will give rise to a large contribution to metric for the right-handed neutrinos if
the towers of Ñi are light enough. Let us consider for simplicity the simplest case in which
we have a single KK-tower of scale m0 which couples equally to the three right-handed
neutrinos. We also assume that right-handed neutrinos couple to the massive Ñn singlets
with Yukawa couplings Yn ≃ n, in analogy to how gauginos couple in a N = 1 SUSY theory.
Then, from eq. (2.5) we will have neutrino Yukawa couplings

Y ij
ν ∼ Sν

ij

m0
Mp

ϵ
(i)
L , (3.7)

(no sum over indices), with ϵ
(i)
L defined in (3.3). Ignoring the order one factors one would

get Dirac neutrino masses of the form

(mν3 ,mν2 ,mν1) ≃MEW × m0
Mp

(
1, ϵ(2)

L , ϵ
(1)
L

)
, (3.8)

where MEW =
∣∣∣⟨H̄⟩

∣∣∣. Assuming normal neutrino hierarchy one estimates for the mass of

the heaviest neutrino mν3 ≃
√

∆m2
32 ≃ 5 × 10−2 eV. Thus imposing

mν3 ≃ m0
Mp

MEW ⇒ m0 ≃ 6.9 × 105 GeV . (3.9)

So one concludes that in order to obtain Dirac neutrino masses at the observed range there
must be a tower of states of characteristic scale m0 ∼ 7 × 105 GeV. Above that energy, a
5th dimension opens up, being directly felt only by right-handed neutrinos, since they are
the only SM fields that couple to the tower.

Let us remark that this mechanism to obtain very light Dirac neutrinos is slightly
different to that considered in [56]. In this reference the right-handed neutrinos are in the
bulk of the theory, and get the small couplings due to the suppression of the volume of the
bulk. In our case the right-handed neutrinos are not in the bulk of the theory and have no
KK replicas. Rather they have couplings to singlets Ñn that are in the bulk of the theory
and hence can have very light towers of KK states. The tower of states couples very weakly
to the SM particles (only via the right-handed neutrinos, which couple themselves very
weakly to the SM fields). With a mass of order 103 TeV and such weak couplings it is not
challenged by present accelerator experiments, although it may be relevant in cosmology.
Note in this connection that this kind of extra dimension is totally different to the large
extra dimensions scenario of [57] because the fundamental gravity scale is not just above
the EW scale but much above. Indeed computing the species scale associated to this tower
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one obtains ΛQG ∼ m
1/3
0 M

2/3
p ≃ 1014 GeV. Thus the fundamental scale in this theory is

about two orders of magnitude below the standard SUSY-GUT scale 1016 GeV.

4 The hierarchy problem and the cosmological constant

It has been argued in the context of the Swampland ideas that the mass of the lightest
neutrino must be Dirac and that it is bounded from above by the cosmological constant
scale, i.e. [34–39, 58]

mν1 ≲ V
1/4

0 . (4.1)

As we said, the origin of this constraint comes from the Non-SUSY AdS Conjecture of [31]
and the AdS Distance Conjecture [32]. The former states that there cannot be stable
non-SUSY AdS vacua. It turns out that if one compactifies the SM on a circle [33], one
finds that due to Casimir forces, an 3d AdS minimum appears9 unless the lightest neutrino
has at least 4 degrees of freedom (i.e. it is Dirac) and mass mν1 ≲ V

1/4
0 .10 On the other

hand, applying the latter to this 3d vacua also implies similar bounds [39]. Combining this
expression with eq. (3.8) yields the interesting result

MEWm0 ϵ
(1)
L ≲ V

1/4
0 Mp , (4.2)

where here m0 denotes the scale of the tower giving the leading large wave-function
renormalisation to the lightest neutrino. Note that this implies an upper bound for the
mass of the tower (at fixed EW scale)

m0 ≲
V

1/4
0 Mp

ϵ
(1)
L MEW

≃
(
ϵ
(1)
L

)−1
104 GeV . (4.3)

As we mentioned above, understanding the hierarchies of lepton masses suggests ϵ(1)
L ≃ 10−2

so one gets the constraint m0 ≲ 106 GeV, consistent with the previous estimation. This
gives us an explanation of why Dirac masses are extremely small. They are so because
otherwise the bound in eq. (4.1) would be violated, and in order to preclude this from
happening, light towers of states Ñ must exist. This is very interesting because it gives an
elegant explanation for the smallness of the neutrino masses. Furthermore, it also explains
the experimental fact that the c.c. scale and neutrino masses are very close to each other.
The see-saw mechanism for Majorana neutrinos, on the contrary, does not provide an
explanation for this surprising experimental coincidence. Although this bound applies to
the lightest neutrino mass, it is natural to expect the other two neutrino masses to be also
tiny, given they will get a mass from an analogous mechanism, as discussed above.

One can also obtain an upper bound for the mass m0 taking into account that the AdS
non-SUSY constraint also tells us that the Higgs VEV cannot be smaller than ΛQCD ≃
200 MeV [38], namely MEW ≳ ΛQCD.11 This comes about because, when the Higgs

9See the paragraph below eq. (1.3) (and references therein) for a comment on the non-perturbative
stability of these vacua and its relevance for the validity of the argument.

10More precisely, circle compactification implies for neutrinos with normal hierarchy mν1 ≤ 3.2×V
1/4

0 [34].
11The same constraint has been recently obtained from the Festina Lente bound [59, 60].
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m0 [GeV]

MEW [GeV]
10−2 100 102 104 106

104
106
108
1010
1012

mν1 ≥ V 1/40

⟨H⟩

Figure 4. Limits on the plane of the tower scale m0 versus the EW scale. The diagonal line
corresponds to the bound in eq. (4.2). The neutrino mass spectrum fixes m0 ≃ 7 × 105 GeV, which
in terms implies an upper bound on the EW scale of order 102 GeV. On the other hand, a gravitino
mass is bounded to be m3/2 ≲ 106 GeV, implying a Higgs mass consistent with mH ≃ 126 GeV.
Note we have set V 1/4

0 ≃ 10−12 GeV in the plot, but the allowed region would actually shrink upon
decreasing V0.

contribution to quark masses is below the QCD scale, a number of pseudo-Goldstone scalars
appear contributing negatively to the scalar potential, giving rise to unwanted AdS vacua
en the SM compactified in the circle. Plugging this, together with ϵ

(1)
L ≃ 10−2, into eq. (4.2)

gives the following bound

m0 ≲
V

1/4
0 Mp

ϵ
(1)
L ΛQCD

≃ 109 GeV . (4.4)

Thus, once one accepts that SM Yukawa couplings to a SM Higgs field exist, and the
observed value of ΛQCD, this bound would force the theory to yield small neutrino Yukawa
couplings, in order not to violate eq. (4.1).

Turning the argument around, given a tower with mass scale fixed at m0, eq. (4.2)
implies an upper bound for the EW scale

MEW ≲
(
ϵ
(1)
L

)−1
× V

1/4
0 Mp

m0
≃ 8 ×

(
ϵ
(1)
L

)−1
GeV , (4.5)

so that MEW ≲ 8 × 102 GeV (where we have used m0 ≃ 7 × 105 GeV). Thus the EW scale
and the cosmological constant are thus correlated, and if V0 → 0, also the EW scale will go
down. This solves the Higgs hierarchy problem in the sense that any higher scale would lead
to a violation of the AdS conjectures above. These constraints on scales are summarised in
figure 4. One observes that the EW and tower scales are close numerically, so from here on
we assume that they scale in the same way with V0, namely m0 = ηMEW (with η some V0
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Species scale ΛQG ∼ 10 × V
1/24

0 M
5/6
p ∼ 1014 GeV

Extra dimension m0 ∼ 103 × V
1/8

0 M
1/2
p ∼ 106 GeV

Gravitino m3/2 ≲ 103 × V
1/8

0 M
1/2
p ≲ 106 GeV

EW Scale MEW ∼ 10−1 × V
1/8

0 M
1/2
p ∼ 102 GeV

Dirac-ν mν1 ≲ V
1/4

0 ≲ 10−12 GeV

Cosmological constant V
1/4

0 V
1/4

0 ≃ 10−12 GeV

Table 1. The value of the c.c., V0, together with the Planck mass, dictate the size of all fundamen-
tal scales.

independent parameter). We then obtain from eq. (4.2)

MEW ≲
(
ϵ
(1)
L η

)−1/2
V

1/8
0 M1/2

p , (4.6)

and also

m0 ≲
((
ϵ
(1)
L

)−1
η

)1/2
V

1/8
0 M1/2

p . (4.7)

Interestingly, although we did not impose it a priori, the second expression is in agreement
with the AdS/dS conjecture of eq. (2.2), which states that as V0 → 0, there must be a
tower of states of scale mtower ≲ V α

0 M
1−4α
p , with α some positive number. In this case the

conjecture is fulfilled with α = 1/8.12 The fact that the bound in eq. (3.7) implies a bound
on the Higgs VEV was already pointed out in [34, 35]. Here however we associate the
smallness of the Yukawa coupling to the existence of an extra dimension at a scale of order
700 TeV, leading to the explicit expression eq. (4.5). A summary of the different scales in
the theory (for a value of η ≃ 104 , as required for our universe), are presented in table 1.

Some phenomenological implications. It would be interesting to analyse possible
particle physics and cosmological implications of the idea of Emergence and the existence of
towers of singlet states around m0 ∼ 7 × 105 GeV. Here we just point out some immediate
phenomenological consequences of the above analysis.

There are direct important implications for neutrino physics. In particular, in the
present scheme neutrinos must be Dirac, in order to obey the mν1 ≲ V

1/4
0 Swampland

constraint. Thus, neutrino-less double β-decays should yield negative results and, in addition,
the lightest neutrino (in normal hierarchy) should verify mν1 ≤ 7.7 meV (see [34, 35, 39, 58]).
At the moment, the best results for the mass of the lightest neutrino come from the analysis
of cosmological constraints combined with terrestrial data, see e.g. [61–63]. For instance,
the results from [62] imply mν1 < 20 meV for normal hierarchy, which is only a factor 3
above the Swampland inspired bounds obtained in the aforementioned references. Thus, if

12Eq. (4.4) naively seems to suggest that here α = 1/4. However, one should notice that the coefficient
Mp/ΛQCD is indeed very large, and goes against the intuition that the coefficient in the AdS/dS conjecture
should not be hierarchically large.
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evidence were found for a lightest neutrino mass around 20 meV, the Swampland bound
mν1 ≤ 7.7 meV would be challenged.

Another interesting question is baryon number violating processes, like proton decay
in the present scheme. The species scale corresponding to this tower is given by ΛQG ≃
m

1/3
0 M

2/3
p ≃ 1014 GeV, a couple of orders of magnitude below the standard GUT scale

MX ∼ 1015 − 1016 GeV. Then the rate for proton decay would apparently be larger than
in ordinary GUT’s by a factor (MX/ΛQG)4 ∼ 108, so that it should have been observed
already. However this estimation ignores that the wave-function of the lightest quarks
and leptons involved in dimension 6 proton decay operators, like

(
QLQLu

∗
R(e+

R)∗
)
, further

suppresses the (norm squared of the) amplitudes by powers of
(
ϵ
(i)
f

)8
. Therefore, the decay

rates can easily be accommodated within the experimental limits. It would be interesting
to make more precise determinations of the proton lifetime in specific models of fermion
masses of the type discussed in section 3.1. Baryon decay experiments can also potentially
constrain the scheme discussed here.

Supersymmetry and Mini-Split. In all the above discussion supersymmetry does not
play any crucial role, and it has been used at some points mainly to simplify the notation.
Thus, the structure of scales arises as a consequence of Emergence and certain Swampland
conjectures. In particular the EW scale stabilisation arises without supersymmetry. Still,
there is the question of whether supersymmetry, if present at some scale in the infrared,
would be restricted by similar arguments and what possible role it would play. In this
regard, there are several low-energy relevant arguments in favour of a supersymmetric EFT.
For instance, if the SM scalar potential is extrapolated to high energies, it is well known
that it becomes unstable (or metastable) at a scale in the range of 109 − 1012 GeV [4, 5].
This may be considered as a potential problem for models that only consider the SM up
to such scales. From the point of view of the Swampland, a scalar potential crossing the
axis of zero energies may also imply the necessity of new physics in that region. A natural
solution to this problem is to consider that at some scale below 109 − 1012 GeV, the SM
becomes supersymmetric, in which case the potential is stabilised.

Let us then assume that there is N = 1 SUSY below the fundamental scale ΛQG. One
can estimate the maximum value of the SUSY-breaking masses by considering the maximum
possible value for the gravitino mass in the EFT below ΛQG. We are going to assume that
the superpotential in a hidden sector is bounded as |W |max ≃ Λ3

QG. A possible motivation
for this is that specific models of moduli stabilisation in string theory have in general as an
ingredient gaugino condensation, in which |W | ≃ | ⟨λλ⟩ | ≃ µ3, where µ is the condensation
scale which must obviously verify µ ≲ ΛQG. Then one can estimate13

m3/2 ∼ |W |
M2

p

≲
Λ3

QG
M2

p

≃ m0 ≃ 103 V
1/8

0 M1/2
p , (4.8)

13Note that, since in this case the gravitino mass would be related to the tower scale like m3/2 ≃ m0, the
Gravitino Conjecture of [64, 65] is fulfilled. This conjecture states that if in a class of theories m3/2 → 0, a
tower of particles should become massless with m0 ≲ mδ

3/2. In the present case one has δ = 1.
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and thus m3/2 ≃ 6.9×102 TeV. Therefore, one expects a relatively low scale for the gravitino
mass, and also for the SUSY spectrum. Note that a crucial ingredient to obtain this relatively
low scale is that the fundamental scale has been lowered down to ΛQG ≃ 1014 GeV. Hence
low-energy SUSY is related to the existence of the tower of scale m0 coupled to neutrinos,
which causes the reduction of the fundamental scale. Note also that an additional a posteriori
reason to assume that |W |max ≃ Λ3

QG is that otherwise the particles in the tower coupled
to neutrinos would get generically SUSY-breaking masses MSS > m0 and the computation
of the large wave-function renormalisation of right-handed neutrinos could be spoiled.

One would expect a SUSY spectrum of squarks and gluinos below that scale in the
range MSS ≃ 1−103 TeV. Interestingly it has been argued that the range of SUSY masses in
that region is preferred by the measured value of the Higgs mass, mH ≃ 126 GeV. The tree
level value of the lightest Higgs in the MSSM is bounded by the Z0 mass, mZ0 ≃ 91 GeV.
It is well known that mass is increased by loop corrections of the qualitative form [66–68]

δ(m2
H) ≃ 3g2

EWm
4
t

4π2M2
W

log
(
mt̃

mt

)
, (4.9)

where mt,mt̃ are the top and stop masses, respectively. Thus getting a Higgs mass as
high as 126 GeV requires a relatively heavy squark SUSY spectrum. Specifically it has
been argued that this value of the Higgs mass prefers a region of SUSY masses in the
range 104 − 106 GeV [40–42]. In this Mini-Split scenario, the SUSY fermions (gauginos
and Higgsinos) are lighter than the squarks and sleptons by a loop factor, so that they
may be accessible at the LHC and/or the FCC. The lightest neutralinos would then
provide natural candidates for dark matter. Concerning proton stability, dimension 6
operators are suppressed, as we already mentioned. Dimension 5 proton decay operators
are also suppressed both due to the relatively heavy SUSY spectrum and the additional
ϵ
(1,2)
f suppression factors that both the fermions and sfermions carry. We direct the reader

to [40–42] for further phenomenological consequences of this Mini-Split scenario.
The expression (4.8) above with the power V 1/8

0 is interesting and has been proposed
in the past (see [44]), based on apparently different arguments.14 In this work it is argued
that SUSY should be unbroken in flat space and that its breaking arises only due to the
existence of a non-vanishing c.c., V0. Then it is argued that MSUSY ∼ V α

0 and that the
required α to agree with the observed EW scale (assuming MEW ∼ m3/2) is α = 1/8. In
our case such value for α arises because of the existence of a tower of states and a UV
cut-off ΛQG ∼ V

1/24
0 .

Note that in the present scheme the EW scale is just a few orders of magnitude away
from the SUSY-breaking scale, although the origin of both scales is not directly related. It is
not SUSY which stabilises the Higgs scale, but the Quantum Gravity constraint that implies
mν1 ≲ V

1/4
0 . From the point of view of the EFT observer the SUSY-breaking soft terms

should appear (slightly) fine-tuned in order to obtain the little hierarchy MEW ≪ m3/2.
14See also [69], where the same power of the c.c. appears in the scaling of the SUSY breaking scale. Note,

however, that this reference assumes the dark dimension scenario, in which the scaling of the mass of the
tower with the c.c. is m0 ∼ V

1/4
0 , as opposed to our m0 ∼ V

1/8
0 , yielding different values for exponents that

fulfill the AdS Distance Conjecture and the Gravitino Conjecture in each scenario.
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Note, however, that some gauginos and neutralinos could have masses in the region 1−10 TeV
and might be accessible at the LHC and/or the FCC, as suggested in the Mini-Split scenario.
As we said, this would also provide adequate dark matter candidates. Concerning gauge
coupling unification, since the fundamental scale ΛQG is two orders of magnitude below
the standard SUSY-GUT scale of 1016 GeV, couplings would not unify sharply. On the
other hand, one also expects the presence of threshold corrections from the flavour towers,
which could improve this unification. Let us remark, nonetheless, that string theory vacua
with SM spectrum does not necessarily require the presence of an SU(5) symmetry at the
fundamental scale. Notice, however, that the notion of unification of couplings suggested
by the Emergence Proposal implies that all perturbative couplings in the IR should become
large above ΛQG, and thus they are in some sense unified [14].

Before concluding, let us point out the main differences between the conclusions in
this paper and the recently proposed dark dimension scenario [70–73]. The results in the
present article are based on essentially two principles: 1) Emergence of kinetic terms, which
gives rise to hierarchies of fermion masses (including small Dirac masses for neutrinos),
and in turn implies the presence of a tower of singlet states at m0 ≃ 7 × 105 GeV; and
2) the AdS non-SUSY conjecture and/or the AdS Distance conjecture as applied to the
3d SM, which gives rise to constraints on the EW scale. On the other hand, in the dark
dimension scenario originally proposed in [70], the starting point is to assume a tower at
a scale mtower ≃ V

1/4
0 ∼ 10−12 GeV, suggested by the AdS Distance Conjecture with the

exponent α = 1/4. The neutrinos get a mass by mixing with the singlets in the towers
and there can be deviations from Newton’s law at short distances which are constrained
by experiments.

5 The Upside Down Universe and entropy

As summarized in table 1, the c.c. V0 appears as the fundamental scale in terms of which
the other higher physical scales may be obtained, explicitly showing some sort of IR-UV
connection. In this Upside Down Universe, when V0 → 0, all fundamental scales in physics
go to zero (in Planck units), see figure 5. Note that we are not claiming that there cannot
be masses or hierarchies in the presence of an exactly Minkowski vacuum (V0 = 0), but
our reasoning applies to families of vacua with non-vanishing V0 in the limit V0 → 0. This
suggests a change in how we address scales in fundamental physics. We are used to begin
with the fundamental UV scale and then try to derive from it the relevant IR parameters,
such as MEW and the c.c., ending up with an apparently extreme fine-tuning in order to
accommodate the experimental results. On the other hand, given that all fundamental
scales may be expressed in terms of V0, perhaps one should take this as fundamental and
the questions on fine-tunings are now replaced by scale separation questions. Instead of
asking why MEW ≪Mp we instead address the question why MEW ≫ V

1/4
0 . This resonates

with some ideas in [44] (see also [74]) which imply that the c.c. is an input to the theory,
instead of a parameter to be computed in field theory from the fields in the spectrum. The
c.c. is in fact determined by the number of degrees of freedom in our de Sitter universe, and
the dimension of the Hilbert space of the theory is huge but nevertheless finite. The limit
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Figure 5. In the Upside Down universe all scales are dictated by the c.c., V 1/4
0 . If the c.c. vanished

all scales would become massless leading to infinite entropy. For a finite value of V0, scales increase
and get separated depending on different powers of V0.

V0 → 0 is a critical limit in which the number of degrees of freedom goes to infinity. It would
be great to make the ideas from [44] more precise, but in the meantime our conclusions
seem to point towards similar directions.

6 Outlook

In this paper we have studied how the idea of Emergence in Quantum Gravity may have
implications for Standard Model physics. In its strongest formulation, this proposal posits
that all kinetic terms are absent in the UV and are only generated in the IR via loop
corrections involving towers of states becoming light (with respect to the UV scale). Inspired
by this, we assumed (the milder requirement) that the particles in the Standard Model
are strongly coupled in the UV, and thus showed that indeed all of them may potentially
get their kinetic terms from loop contributions associated to towers of massive states. We
have also seen that hierarchies of Yukawa couplings may appear due to large quantum
contributions to their kinetic terms induced by towers of singlets coupling to the Standard
Model fields. This is somewhat reminiscent of previous ideas which attempted to create
such hierarchies by producing large anomalous dimensions for the quark and lepton fields.
In Emergence the large anomalous dimensions are generated by one-loop contributions from
towers of singlet states.

In the context of Emergence, Dirac neutrino masses are tiny because the right-handed
neutrinos may get particularly large contributions to their wave-function renormalisation
from towers which have a low mass scale m0 ≃ Yν3Mp ≃ 7× 105 GeV, with Yν3 ∼ m0/Mp ∼
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10−12. The need to have such relatively light towers is forced upon us if we impose the
AdS non-SUSY and/or the AdS/dS Distance Conjectures, which require mν1 ≲ V

1/4
0 . This,

unlike the case of the see-saw mechanism for Majorana masses, provides also an explanation
of the remarkable experimental coincidence between the (fourth root of the) cosmological
constant and the neutrino mass scales. For the aforementioned value of the tower scale,
m0 ≃ 7 × 105 GeV

(
∼ 103 × V

1/8
0 M

1/2
p

)
, the Electro-Weak scale is bounded from above

as MEW ≲ 102 GeV
(
∼ 10−1 × V

1/8
0 M

1/2
p

)
. This connects the Electro-Weak hierarchy

problem with the smallness of the cosmological constant in an interesting and novel way,
and nicely connects with the idea that all the fundamental energy scales that we observe
might be related to the cosmological constant, in such a way that they would vanish if the
cosmological constant were set to zero [44, 74].

In the above scheme, there is an extra dimension appearing at an energy scale of order
1000 TeV, and the right-handed neutrinos are the only Standard Model particles feeling
it directly. Therefore, there are no measurable fifth forces. The tower which is becoming
light as V0 → 0 (according with the AdS/dS Distance Conjecture) is slightly above the
Electro-Weak scale. Interestingly, the SUSY-breaking scale is also below 103 TeV, which
is a scale favoured by the Mini-Split scenario of the supersymmetric Standard Model, in
which SUSY fermions are about two orders of magnitude below the bosonic masses. These
would correspond to gauginos and neutralinos in the TeV range, accessible at the FCC
and possibly at LHC. This is quite different as compared to the recently considered dark
dimension idea, in which the tower is of the order of the neutrino mass scale and fifth-forces
may indeed arise (see [69–73, 75]).

The ideas discussed in this paper show possible ways in which Emergence may have
a significant impact in Standard Model physics. The idea that in the UV the theory is
strongly coupled implies that all non-trivial kinematics and scales in physics should appear
as IR effects. For hierarchies to appear, either for charged fermions or neutrinos, strong
wave-function renormalisation effects are needed, especially for the lightest particles. The
case of Dirac neutrino masses is the most dramatic, requiring the existence of towers of
singlet particles slightly above the Electro-Weak scale. It is quite non-trivial that phenomena
including hierarchies of quarks and leptons, scales of neutrino masses, Electro-Weak scale
(in terms of the cosmological constant), consistency with proton stability, understanding of
the value for the Higgs mass and low-energy SUSY all fit within the same scheme. Further
study is clearly needed to elucidate phenomenological consequences of Emergence, as well
as the interplay between that and the Swampland conditions.
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