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Challenges for Inflation

Experimental constraints

Theoretical considerations

Planck Collaboration: Cosmological parameters
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Fig. 27. Constraints on the running of the scalar spectral index
in the ⇤CDM model, using Planck TT,TE,EE+lowE+lensing
when marginalizing over r (samples, coloured by the spectral
index at k = 0.05Mpc�1), and the equivalent result when r = 0
(black contours). The Planck data are consistent with zero run-
ning, but also allow for significant negative running, which gives
a positive tilt ns,0.002, and hence less power, on large scales
(k ⇡ 0.002Mpc�1).

r0.002 < 0.066,
dns/d ln k = �0.006 ± 0.013,

)
95 %, TT,TE,EE+lowE
+lensing+BK15+BAO. (45b)

The combination of Planck and BK15 robustly constrain the
tensor ratio to be small, with r0.002 <⇠ 0.06. The implications
for inflation are slightly more model dependent as a result of
degeneracies between ns and additional parameters in extended
⇤CDM models. However, as shown in Table 5, the extensions
of ⇤CDM that we consider in this paper cannot substantially
shift the value of the spectral index when the tensor amplitude is
small, so the overall conclusions are unlikely to change substan-
tially in extended models.

7.3. Spatial curvature

The base-⇤CDM model assumes that the spatial hypersurfaces
are flat, such as would be predicted (to within measurable pre-
cision) by the simplest inflationary models. This is a prediction
that can be tested to high accuracy by the combination of CMB
and BAO data (the CMB alone su↵ers from a geometric degener-
acy, which is weakly broken with the addition of CMB lensing).
This is illustrated in Fig. 29.

The combination of the Planck temperature and polarization
power spectra give

⌦K = �0.056+0.028
�0.018 (68 %, Planck TT+lowE), (46a)

⌦K = �0.044+0.018
�0.015 (68 %, Planck TT,TE,EE+lowE), (46b)

an apparent detection of curvature at well over 2�. The 99 %
probability region for the TT,TE,EE+lowE result is �0.095 <
⌦K < �0.007, with only about 1/10000 samples at ⌦K � 0. This
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Fig. 28. Constraints on the tensor-to-scalar ratio r0.002 in
the ⇤CDM model, using Planck TT,TE,EE+lowE and Planck
TT,TE,EE+lowE+lensing (red and green, respectively), and
joint constraints with BAO and BICEP2/Keck (blue, including
Planck polarization to determine the foreground components,
Ade et al. 2018). This assumes the inflationary consistency re-
lation and negligible running. Dashed grey contours show the
joint constraint when using CamSpec instead of Plik as the
high-` Planck likelihood, indicating the level of modelling un-
certainty in the polarization results. Dotted lines show the loci
of approximately constant e-folding number N, assuming simple
V / (�/mPl)p single-field inflation. Solid lines show the approx-
imate ns–r relation for locally quadratic and linear potentials to
first order in slow roll; red lines show the approximate allowed
range assuming 50 < N < 60 and a power-law potential for the
duration of inflation. The solid black line (corresponding to a
linear potential) separates concave and convex potentials.

is not entirely a volume e↵ect, since the best-fit �2 changes by
��2

e↵ = �11 compared to base ⇤CDM when adding the one ad-
ditional curvature parameter. The reasons for the pull towards
negative values of ⌦K are discussed at length in PCP15 and
Sect. 6.2. They are essentially the same as those that lead to the
preference for AL > 1, although slightly exacerbated in the case
of curvature, since the low multipoles also fit the low-` temper-
ature likelihood slightly better if ⌦K < 0. As with the AL > 1
preference, the joint Planck polarization result is not robust at
the approximately 0.5� level to modelling of the polarization
likelihoods, with the CamSpec TT,TE,EE+lowE likelihood giv-
ing ⌦K = �0.037+0.019

�0.014.
Closed models predict substantially higher lensing ampli-

tudes than in ⇤CDM, so combining with the lensing reconstruc-
tion (which is consistent with a flat model) pulls parameters back
into consistency with a spatially flat universe to well within 2�:

⌦K = �0.0106 ± 0.0065 (68 %, TT,TE,EE+lowE
+lensing). (47a)
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in the ⇤CDM model, using Planck TT,TE,EE+lowE+lensing
when marginalizing over r (samples, coloured by the spectral
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(black contours). The Planck data are consistent with zero run-
ning, but also allow for significant negative running, which gives
a positive tilt ns,0.002, and hence less power, on large scales
(k ⇡ 0.002Mpc�1).
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tensor ratio to be small, with r0.002 <⇠ 0.06. The implications
for inflation are slightly more model dependent as a result of
degeneracies between ns and additional parameters in extended
⇤CDM models. However, as shown in Table 5, the extensions
of ⇤CDM that we consider in this paper cannot substantially
shift the value of the spectral index when the tensor amplitude is
small, so the overall conclusions are unlikely to change substan-
tially in extended models.
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The base-⇤CDM model assumes that the spatial hypersurfaces
are flat, such as would be predicted (to within measurable pre-
cision) by the simplest inflationary models. This is a prediction
that can be tested to high accuracy by the combination of CMB
and BAO data (the CMB alone su↵ers from a geometric degener-
acy, which is weakly broken with the addition of CMB lensing).
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the ⇤CDM model, using Planck TT,TE,EE+lowE and Planck
TT,TE,EE+lowE+lensing (red and green, respectively), and
joint constraints with BAO and BICEP2/Keck (blue, including
Planck polarization to determine the foreground components,
Ade et al. 2018). This assumes the inflationary consistency re-
lation and negligible running. Dashed grey contours show the
joint constraint when using CamSpec instead of Plik as the
high-` Planck likelihood, indicating the level of modelling un-
certainty in the polarization results. Dotted lines show the loci
of approximately constant e-folding number N, assuming simple
V / (�/mPl)p single-field inflation. Solid lines show the approx-
imate ns–r relation for locally quadratic and linear potentials to
first order in slow roll; red lines show the approximate allowed
range assuming 50 < N < 60 and a power-law potential for the
duration of inflation. The solid black line (corresponding to a
linear potential) separates concave and convex potentials.
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Fine-Tuning and Symmetry
Bousso–Polchinski Sliding Naturalness
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Figure 1: The allowed values of the four-form energy density are given by the
radius-squared of points in the grid, whose dimension is the number of four-forms
J . The spacing in direction i is qi. The negative of the bare cosmological constant
corresponds to a (J − 1)-dimensional sphere, and cancellation is possible if there
is at least one grid point sufficiently close to the sphere.

An important feature of this result is that that the qi need not be exceed-
ingly small if there are more than two four-form fields. In order to achieve
a small λ, it is sufficient that there be a discrepancy between the magnitude
of λbare and that of the charges. For fixed charges, the task of cancellation
actually becomes easier, the larger the bare cosmological constant. This can
be understood from Fig. 1. The larger the shell, the more points it will
contain.6 The results (2.24) to (2.26) treat the ni as essentially continuous,
and break down if any of the qi exceed J−1/2|2λbare|1/2. In this case the flux
associated with qi should simply be ignored.

6Note, however, that the radius of the shell in Fig. 1 represents not |2λbare|, but the
square root of |2λbare|. This is why one cannot recognize in Fig. 1 the need for the charges
qi to be incommensurate, a fact that is immediately clear from Eq. (2.21). It is also the
reason why increasing |λbare| has no beneficial effect in the case of J = 2. For fixed ∆λ,
the shell gets thinner as one increases its radius. If J = 2, this precisely compensates for
the increase of the shell radius, and the volume remains constant.
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Figure 6: Schematic representation of instanton contributions to the ω± potentials. The

potentials receive contributions from all instanton sizes ε. We compute them by breaking

down our model into a series of e!ective theories depicted in the Figure. In all universes,

SU(2)L is broken at low energy, either by the doublets VEVs or by the QCD condensate.

In some universes SU(3)c is broken to SU(2)c by the triplets VEVs. These two breakings

add extra steps to our ladder of EFTs that we do not show in the Figure.

Figure 7: Supersymmetric SU(5) instanton contribution to the axion-like ω± potentials.

M̃5 is the gaugino mass of O(M̃S = 106 GeV). There are 10 gaugino legs and 10 ”̃ legs

in the diagram from their SU(5) Dynkin index that in this figure we close using fermion

masses.

contributions in each of the EFTs and only briefly comment on subleading diagrams, a

more detailed discussion can be found in [70].

To simplify our results we introduce the field #(ω±), the reduced instanton density of

– 22 –
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add extra steps to our ladder of EFTs that we do not show in the Figure.

Figure 7: Supersymmetric SU(5) instanton contribution to the axion-like ω± potentials.

M̃5 is the gaugino mass of O(M̃S = 106 GeV). There are 10 gaugino legs and 10 ”̃ legs

in the diagram from their SU(5) Dynkin index that in this figure we close using fermion

masses.

contributions in each of the EFTs and only briefly comment on subleading diagrams, a

more detailed discussion can be found in [70].

To simplify our results we introduce the field #(ω±), the reduced instanton density of

– 22 –
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What Is a Multiverse?

▶ Causally disconnected patches
▶ Cosmological lifetime
▶ Scan Λ and/or m2

h
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Outline

1. Why Should We Care?

2. A Model of the Multiverse
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The Swampland

Distance conjecture:
∆ϕ ≤ MPl

Refined de Sitter conjecture:

|∇V | ≥ c

MPl
V or min(∇i∇jV ) ≤ − c′

M2
Pl

V
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Step by Step

1. Landscape of Minkowski and AdS minima

2. Eternal inflation and bubble nucleation

3. Uptunnel to larger vacuum energy

4. Explain last 60 e-folds
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Eternal Inflation

Hilltop potential:

V = m2f 2
(

1 − ϕ2

2f 2 + O(ϕ/f)4
)

Classical vs quantum:

∆ϕc = V ′

aH2 vs ∆ϕq = H

2π

Mild initial tuning
ϕI

f

ϕ̇I

mf
≃ m

MPl

(
f

MPl

)3
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What About the Swampland?
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Inflaton Dynamics

-0.010 -0.005 0.000 0.005 0.010

0.99980

0.99985

0.99990

0.99995

1.00000

0 2 4 6 8 10

0.9985

0.9990

0.9995

1.0000

▶ Sample quantum fluctuations

▶ Patches vs dynamics
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This Multiverse

▶ All vacua M or AdS of O(−M4
Pl)

▶ Uplifted during eternal inflation
▶ Uptunneling becomes possible

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025 13 / 21



This Multiverse

▶ All vacua M or AdS of O(−M4
Pl)

▶ Uplifted during eternal inflation

▶ Uptunneling becomes possible

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025 13 / 21



This Multiverse

▶ All vacua M or AdS of O(−M4
Pl)

▶ Uplifted during eternal inflation
▶ Uptunneling becomes possible

Gabriele Rigo (IPhT, Saclay) A Multiverse Outside of the Swampland 21 May 2025 13 / 21



Bubble Wall Dynamics

Black Hole

True Vacuum
False Vacuum

True Vacuum
Black Hole

creation of a baby Universe
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Bubbles of False Vacuum

βF − βT = 4πGNσr −→ M(r, ṙ)
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Hawking–Moss

Γ ≃ V M4
∗ e−SHM , SHM = 8π2M4
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The Last 60 e-Folds

Tension between slow roll and Swampland:∣∣∣∣∣ dϕ

dNe

∣∣∣∣∣ ≃
√

2ϵV MPl −→ ∆ϕ ≥ cNeMPl

Possible solutions:

▶ Multifield inflation
▶ Warm inflation
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Overall Picture

Eternal Inflation
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Getting de Sitter Back

⟨Nb⟩(Ne) ≃ 10120,
Γ
V

≃ M4
Ple

−B
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Conclusions

Contrary to the lore:
▶ The Swampland is compatible with eternal inflation

▶ We can build a Multiverse with only M and AdS
▶ With dS, we need O(100) e-folds
▶ Main challenge from last 60 e-folds
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Thank you!
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Brown–Teitelboim

3-form field Aµνρ and 4-form field strength Fµνρσ:

S ⊃
∫

d4x
√

−g

(
− 1

48FµνρσF µνρσ + M2
Pl

2 R − Λ0

)

Solve EOM:
F µνρσ = cϵµνρσ −→ Λ = Λ0 − c2

2
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Bousso–Polchinski

Λ = Λ0 − 1
2

J∑
i=1

e2
i n

2
i

2πJ/2

Γ(J/2)ΛJ/2
0

Λobs

Λ0
≳

J∏
i=1

ei

J = 100, ei ≃ (0.01MPl)2

n q

n q

2 2

1 1

q2

1/2
bareΛq1

Figure 1: The allowed values of the four-form energy density are given by the
radius-squared of points in the grid, whose dimension is the number of four-forms
J . The spacing in direction i is qi. The negative of the bare cosmological constant
corresponds to a (J − 1)-dimensional sphere, and cancellation is possible if there
is at least one grid point sufficiently close to the sphere.

An important feature of this result is that that the qi need not be exceed-
ingly small if there are more than two four-form fields. In order to achieve
a small λ, it is sufficient that there be a discrepancy between the magnitude
of λbare and that of the charges. For fixed charges, the task of cancellation
actually becomes easier, the larger the bare cosmological constant. This can
be understood from Fig. 1. The larger the shell, the more points it will
contain.6 The results (2.24) to (2.26) treat the ni as essentially continuous,
and break down if any of the qi exceed J−1/2|2λbare|1/2. In this case the flux
associated with qi should simply be ignored.

6Note, however, that the radius of the shell in Fig. 1 represents not |2λbare|, but the
square root of |2λbare|. This is why one cannot recognize in Fig. 1 the need for the charges
qi to be incommensurate, a fact that is immediately clear from Eq. (2.21). It is also the
reason why increasing |λbare| has no beneficial effect in the case of J = 2. For fixed ∆λ,
the shell gets thinner as one increases its radius. If J = 2, this precisely compensates for
the increase of the shell radius, and the volume remains constant.

10
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Sliding Naturalness

2
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<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="bqjNyZ4XW3gIcN1T5iQI84ECMM0=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDYGPYDaKWQRvLCOYC2RBmJ2eTIbMXZ84KYQk2voqNhSK2PoWdb+Mk2UITfxj4+M85nDm/F0uh0ba/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFqeUyDFCHUUaCEVqyABZ6Epje8ntSbD6C0iMI7HMXQCVg/FL7gDI3VLR6curGgroR76uIAkGUci26xZJftqegiOBmUSKZat/jl9iKeBBAil0zrtmPH2EmZQsEljAtuoiFmfMj60DYYsgB0J52eMKbHxulRP1LmhUin7u+JlAVajwLPdAYMB3q+NjH/q7UT9C87qQjjBCHks0V+IilGdJIH7QkFHOXIAONKmL9SPmCKcTSpFUwIzvzJi9ColJ3zcuX2rFS9yuLIk0NyRE6IQy5IldyQGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwDVWJZx</latexit>�⇡  ✓  ⇡
All patches where the Higgs vev is far from the weak 

scale or the QCD    -angle is large crunch 

After reheating and a time
<latexit sha1_base64="5pJ8AuuOSwVJrr1XM4Mwm53PTxQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ak+AI3RTcuK9gHNDFMptN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCscXo/91gORikbiTo9i4nPUF7RHMdJGCuw9HWDoKcqh69ynx6eZd5l6kkOVBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSFDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA/YpZJgzUaGICypuRXiAZIIa5NayYTgzr48T5rVintWqd6elGtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD4QYlj0=</latexit>

tc ⇠ 10�5 s

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2
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2
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V�H = �↵s

8⇡

✓
�+

F+
+

��
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+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes
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Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and
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where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
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+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes
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<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2

�±

2
�2

± �
m2

�±

4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes
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<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="bqjNyZ4XW3gIcN1T5iQI84ECMM0=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDYGPYDaKWQRvLCOYC2RBmJ2eTIbMXZ84KYQk2voqNhSK2PoWdb+Mk2UITfxj4+M85nDm/F0uh0ba/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFqeUyDFCHUUaCEVqyABZ6Epje8ntSbD6C0iMI7HMXQCVg/FL7gDI3VLR6curGgroR76uIAkGUci26xZJftqegiOBmUSKZat/jl9iKeBBAil0zrtmPH2EmZQsEljAtuoiFmfMj60DYYsgB0J52eMKbHxulRP1LmhUin7u+JlAVajwLPdAYMB3q+NjH/q7UT9C87qQjjBCHks0V+IilGdJIH7QkFHOXIAONKmL9SPmCKcTSpFUwIzvzJi9ColJ3zcuX2rFS9yuLIk0NyRE6IQy5IldyQGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwDVWJZx</latexit>�⇡  ✓  ⇡
All patches where the Higgs vev is far from the weak 

scale or the QCD    -angle is large crunch 

After reheating and a time
<latexit sha1_base64="5pJ8AuuOSwVJrr1XM4Mwm53PTxQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ak+AI3RTcuK9gHNDFMptN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCscXo/91gORikbiTo9i4nPUF7RHMdJGCuw9HWDoKcqh69ynx6eZd5l6kkOVBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSFDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA/YpZJgzUaGICypuRXiAZIIa5NayYTgzr48T5rVintWqd6elGtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD4QYlj0=</latexit>

tc ⇠ 10�5 s

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2
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2
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± �
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4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes

2
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Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2

�±

2
�2

± �
m2

�±

4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes

2
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<latexit sha1_base64="rLrcZO/BTNzASVxA3NR8X9mOv+c=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJIi6rLopgsXFewDmhgmk0k7dCaJMxOhhP6CG3/FjQtF3Lpz5984bSPU1gMDh3PO5c49fsKoVJb1bSwtr6yurRc2iptb2zu75t5+S8apwKSJYxaLjo8kYTQiTUUVI51EEMR9Rtr+4Grstx+IkDSObtUwIS5HvYiGFCOlJc8snzjXOh0gr35XhQ4j95B7/V8643lmyapYE8BFYuekBHI0PPPLCWKcchIpzJCUXdtKlJshoShmZFR0UkkShAeoR7qaRogT6WaTi0bwWCsBDGOhX6TgRJ2dyBCXcsh9neRI9eW8Nxb/87qpCi/cjEZJqkiEp4vClEEVw3E9MKCCYMWGmiAsqP4rxH0kEFa6xKIuwZ4/eZG0qhX7rFK9OS3VLvM6CuAQHIEysME5qIE6aIAmwOARPINX8GY8GS/Gu/ExjS4Z+cwB+APj8weLRJuX</latexit>

�⇤2
H  m2

h  ⇤2
H

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="bqjNyZ4XW3gIcN1T5iQI84ECMM0=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDYGPYDaKWQRvLCOYC2RBmJ2eTIbMXZ84KYQk2voqNhSK2PoWdb+Mk2UITfxj4+M85nDm/F0uh0ba/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFqeUyDFCHUUaCEVqyABZ6Epje8ntSbD6C0iMI7HMXQCVg/FL7gDI3VLR6curGgroR76uIAkGUci26xZJftqegiOBmUSKZat/jl9iKeBBAil0zrtmPH2EmZQsEljAtuoiFmfMj60DYYsgB0J52eMKbHxulRP1LmhUin7u+JlAVajwLPdAYMB3q+NjH/q7UT9C87qQjjBCHks0V+IilGdJIH7QkFHOXIAONKmL9SPmCKcTSpFUwIzvzJi9ColJ3zcuX2rFS9yuLIk0NyRE6IQy5IldyQGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwDVWJZx</latexit>�⇡  ✓  ⇡
All patches where the Higgs vev is far from the weak 

scale or the QCD    -angle is large crunch 

After reheating and a time
<latexit sha1_base64="5pJ8AuuOSwVJrr1XM4Mwm53PTxQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ak+AI3RTcuK9gHNDFMptN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCscXo/91gORikbiTo9i4nPUF7RHMdJGCuw9HWDoKcqh69ynx6eZd5l6kkOVBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSFDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA/YpZJgzUaGICypuRXiAZIIa5NayYTgzr48T5rVintWqd6elGtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD4QYlj0=</latexit>

tc ⇠ 10�5 s

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2

�±

2
�2

± �
m2

�±

4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes
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<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="bqjNyZ4XW3gIcN1T5iQI84ECMM0=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDYGPYDaKWQRvLCOYC2RBmJ2eTIbMXZ84KYQk2voqNhSK2PoWdb+Mk2UITfxj4+M85nDm/F0uh0ba/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFqeUyDFCHUUaCEVqyABZ6Epje8ntSbD6C0iMI7HMXQCVg/FL7gDI3VLR6curGgroR76uIAkGUci26xZJftqegiOBmUSKZat/jl9iKeBBAil0zrtmPH2EmZQsEljAtuoiFmfMj60DYYsgB0J52eMKbHxulRP1LmhUin7u+JlAVajwLPdAYMB3q+NjH/q7UT9C87qQjjBCHks0V+IilGdJIH7QkFHOXIAONKmL9SPmCKcTSpFUwIzvzJi9ColJ3zcuX2rFS9yuLIk0NyRE6IQy5IldyQGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwDVWJZx</latexit>�⇡  ✓  ⇡
All patches where the Higgs vev is far from the weak 

scale or the QCD    -angle is large crunch 

After reheating and a time
<latexit sha1_base64="5pJ8AuuOSwVJrr1XM4Mwm53PTxQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ak+AI3RTcuK9gHNDFMptN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCscXo/91gORikbiTo9i4nPUF7RHMdJGCuw9HWDoKcqh69ynx6eZd5l6kkOVBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSFDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA/YpZJgzUaGICypuRXiAZIIa5NayYTgzr48T5rVintWqd6elGtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD4QYlj0=</latexit>

tc ⇠ 10�5 s

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2

�±

2
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± �
m2

�±

4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes

2
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Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and

V�± = ⌥
m2

�±

2
�2

± �
m2

�±

4M2
±
�4

±

V�H = �↵s

8⇡

✓
�+

F+
+

��
F�

+ ✓

◆
eGG , (2)

where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
F�

+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes

2
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<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="bqjNyZ4XW3gIcN1T5iQI84ECMM0=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDYGPYDaKWQRvLCOYC2RBmJ2eTIbMXZ84KYQk2voqNhSK2PoWdb+Mk2UITfxj4+M85nDm/F0uh0ba/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFqeUyDFCHUUaCEVqyABZ6Epje8ntSbD6C0iMI7HMXQCVg/FL7gDI3VLR6curGgroR76uIAkGUci26xZJftqegiOBmUSKZat/jl9iKeBBAil0zrtmPH2EmZQsEljAtuoiFmfMj60DYYsgB0J52eMKbHxulRP1LmhUin7u+JlAVajwLPdAYMB3q+NjH/q7UT9C87qQjjBCHks0V+IilGdJIH7QkFHOXIAONKmL9SPmCKcTSpFUwIzvzJi9ColJ3zcuX2rFS9yuLIk0NyRE6IQy5IldyQGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwDVWJZx</latexit>�⇡  ✓  ⇡
All patches where the Higgs vev is far from the weak 

scale or the QCD    -angle is large crunch 

After reheating and a time
<latexit sha1_base64="5pJ8AuuOSwVJrr1XM4Mwm53PTxQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ak+AI3RTcuK9gHNDFMptN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCscXo/91gORikbiTo9i4nPUF7RHMdJGCuw9HWDoKcqh69ynx6eZd5l6kkOVBXbZqTgTwHni5qQMctQD+8vrRjjhRGjMkFId14m1nyKpKWYkK3mJIjHCQ9QnHUMF4kT56eSFDB4apQt7kTQlNJyovydSxJUa8dB0cqQHatYbi/95nUT3LvyUijjRRODpol7CoI7gOA/YpZJgzUaGICypuRXiAZIIa5NayYTgzr48T5rVintWqd6elGtXeRxFsA8OwBFwwTmogRtQBw2AwSN4Bq/gzXqyXqx362PaWrDymV3wB9bnD4QYlj0=</latexit>

tc ⇠ 10�5 s

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

Only universes with the observed value of the weak 
scale and    can live for cosmologically long times. 

Today the multiverse looks like: 

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>

✓ ⌧ 1

<latexit sha1_base64="CCxYOGFdRzSExK+OawxpGy7fm7A=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFWSIuqy6MZlBXuBJpTJ9KQdOpnEmUmhhIIbX8WNC0Xc+hLufBunbRba+sPAx3/O4cz5g4QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BU8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXDm2m9NQKpWCzu9TgBPyJ9wUJGiTZW1z7yOBF9DniAPTknT7EIHvCoa5edijMTXgY3hzLKVe/aX14vpmkEQlNOlOq4TqL9jEjNKIdJyUsVJIQOSR86BgWJQPnZ7IYJPjVOD4exNE9oPHN/T2QkUmocBaYzInqgFmtT879aJ9XhlZ8xkaQaBJ0vClOOdYyngeAek0A1HxsgVDLzV0wHRBKqTWwlE4K7ePIyNKsV96JSvTsv167zOIroGJ2gM+SiS1RDt6iOGoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+iPrM8fIbqXMw==</latexit>hhi ' v
<latexit sha1_base64="n+BhMa47U9pfURP9rEn5OHM7200=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJ93HEkRJfSuL1K1W35s5BVolXkCoUaPYrX/4gYVnMFTJJjel5bopBTjUKJvm07GeGp5SN6ZD3LFU05ibI5zdPyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XyzC6CXKh0gy5YotFUSYJJmQWABkIzRnKiSWUaWFvJWxENWVoYyrbELzll1dJu17zrmr1h8tq47aIowSncAYX4ME1NOAemtACBik8wyu8OZnz4rw7H4vWNaeYOYE/cD5/ABU7kRA=</latexit>
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FIG. 1. Cartoon of the basic mechanism: a landscape of Higgs masses and QCD ✓-angles is populated early in the history of
the Universe. All patches with Higgs vev and ✓ far from the observed ones crunch after the QCD phase transition. The only
universes that survive until today and grow to cosmological sizes are those with hhi ' v and ✓ . 10�10.

companion paper [16]. Di↵erent versions of a crunching
mechanism have been advocated to explain the value of
the CC in [17] and of m2

h in [9, 10].

SELECTION OF THE WEAK SCALE AND OF ✓

We can realize this idea with a large class of potentials.
The simplest choice is V = V� + V�H , with V� = V�+

+
V�� and
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where m2
�± > 0 and G eG ⌘ (✏µ⌫⇢�/2)Ga

µ⌫G
a
⇢�. V� and

V�H break the shift symmetry �± ! �± + c± by a small
amount m�± ,⇤QCD ⌧ F±, M±. V� is an EFT descrip-
tion valid at least for |�±| . M±. A concrete way to
generate Eq. (2) and UV complete it is described in the
Appendix. As discussed there, the strong-CP and hier-
archy problems are essentially solved by the approximate
symmetries of �± that keep the hierarchy between their
minima stable. The �± sector is very weakly coupled to
the SM, where the symmetry is not manifest.

V�± in Eq. (2) describes two decoupled scalars: ��
has a minimum at zero and two maxima at M�, while
�+ has a maximum at zero and no stable minimum, as
shown in Fig 2. It is technically natural to take their
cross-couplings to be negligibly small as discussed in the
Appendix. Note that one can have the same structure for
more general values of the O(1) factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M±)
and possibly cross-interactions. We discuss this in [16].
Notice that, while the potential in Eq. (2) should be con-
sidered just as an illustrative example, it is technically
natural as it stands.

If we include V�H , a non-zero Higgs vev can generate
a safe minimum for �+, provided that ✓ is su�ciently

small. However when the Higgs vev becomes too large
V�H destabilizes the original safe minimum for ��. This
is shown in Fig 2.

To see how this is realized in practice, we can focus on
the region |�±| . M± and take M±/F± ⌧ 1. Then if
we rotate �± in the quark mass matrix and match to the
chiral Lagrangian at low energy,

V�H ' ⇤4(hhi)
2

✓
✓ +

��
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+
�+

F+

◆2

+ . . . . (3)

For simplicity we have also expanded for ✓ ⌧ 1, but our
arguments hold also for ✓ = O(1). The above potential
is generated at the QCD phase transition and its overall
size is a monotonic function of the Higgs vev through
chiral symmetry breaking. For mu,d . 4⇡f⇡ the scale of
the potential reads [18]

⇤4(hhi) = m2
⇡f2

⇡

mumd

(mu + md)2
. (4)

The selection of hhi and of ✓ takes place after the QCD
phase transition, during radiation domination. As dis-
cussed in the next Section, it takes �± a time 1/m�±
to slide towards the deep minimum and crunch, if the
safe local minimum is not present. For simplicity, in the
following we take 1/m�� ⌧ 1/m�+

, so that �� starts
rolling first.

The safe local minimum for �� only exists if the QCD
tadpole does not destroy it. Given Eq. (6), we can take
M�/F� . ✓ + M+/F+, so that the tadpole term domi-
nates the �� potential in Eq. (3) (recall that �� ⇠ M�).
Hence, the cross-interactions between �± generated by
QCD are negligible and the minimization problem fac-
torizes into two separate ones for the two scalars. As a
consequence the local minimum for �� is easily found to
exist only if

⇤4(hhi) .
m2

��M�F�

(✓ + M+/F+)
. (5)

We have replaced the unknown value of �+ at the time
when �� starts moving, with M+, because all universes

[D’Agnolo, Teresi 2021]
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where |�+| � M+ crunch and in all others this is its
typical value. Even in universes where the initial position
of �+ is tuned to give ✓ + �initial

+ /F+ ' 0, �� still sees
an e↵ective ✓-angle of O(M+/F+) after �+ starts rolling,
because �+ moves by about M+ after the QCD phase
transition1. The above inequality is thus an upper bound
on hhi.

Similarly, a safe local minimum for �+ is found to exist
only if

⇤4(hhi) & m2
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F 2
+ and

M+
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& ✓ +

M�
F�

. (6)

This puts an upper bound on the maximal neutron EDM
that we can observe today and a lower bound on the
Higgs vev. The first inequality implies that the positive
curvature from V�H beats the negative one from V�+

,
while the second one enforces that this happens in the
region where the negative quartic from V�+

is subleading.
Moreover, we have assumed that the first inequality is
almost saturated.

We have found that �+ gives an upper bound on ✓
and a lower bound on hhi given by Eq. (6), while ��
an upper bound on hhi given by Eq. (5). In terms
of experimentally measured quantities, this means that
M�/F� . M+/F+ ' ✓0 . ✓exp ' 10�10, where ✓0 is the
observed ✓-angle today, ✓exp is given by the experimental
upper bound on the neutron EDM [19]. The electroweak
scale is successfully selected if
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where ⇤4
QCD ⌘ ⇤4(v) ' (80 MeV)4. In this Letter we

take µS ' µB ' v to highlight the main features of
the idea. In this limit m�± are the physical masses of
�± in our universe. If m�+

< ⇤2
QCD/F+ in Eq. (2)

then µS < v, but the physical mass of �+ remains
' ⇤2

QCD/F+. For µB > v the physical mass of �� in-
creases (⇤QCD ! ⇤(µB) in Eq. (7)). This will be dis-
cussed more extensively in [16]. In conclusion we have
an “axion” �+ with a mass-coupling relation identical
to the usual QCD axion. �+ is solving the strong CP
problem, but not in the usual way: all universes where
✓ > M+/F+ crunch very quickly. The second scalar ��
is an ALP heavier than a QCD axion with the same cou-
plings. We comment more extensively on phenomenology

1 There is an exception to this argument. In universes that are
doubly tuned, i.e. ✓ + �initial

+ /F+ ' 0 and �initial
+ ' �+,min the

�� tadpole can be smaller than ⇤4(hhi)M+/(F�F+), since in
this case �+ essentially does not move throughout its cosmolog-
ical history. However, the double tuning makes these patches
irrelevant, as discussed in detail in [16]
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FIG. 2. Example potentials V (�±) that select the weak scale.
If hhi & v the local minimum of V (��) is destabilized (left
panel), so that the field rolls down towards its deep global
minimum (not shown in the plot) and the Universe rapidly
crunches. Conversely, the local minimum of V (�+) is gener-
ated only if hhi & v and ✓ . ✓max.

after discussing in greater detail our cosmological dynam-
ics.

Before discussing cosmology, let us point out that the
flat direction of the QCD term in Eq. (3) does not pose a
problem for the stability of the potential, independently
of the Higgs vev. It is easy to show that for M�/F� . ✓0

the flat direction of Eq. (3) is actually stabilized by the
�� part of V�.

COSMOLOGY

We do not make any assumption on the Universe be-
fore reheating, except that it is one of many with dif-
ferent values of ✓, m2

h and the CC. We also do not make
any assumption on the reheating temperature, which can
range all the way from the BBN bound to TRH & MGUT

without a↵ecting our results. After reheating the cos-
mology of the model is determined by the temperature
dependent values of m�± . For simplicity we imagine that
�± are coupled to the reheating sector only through the
QCD anomaly, so V� in Eqs. (2) has its zero-temperature
form throughout the history of the Universe, while V�H

in Eq. (3) turns on at the QCD phase transition.
Crunching Time We can now solve

�̈± + 3H�̇± +
@V�(�±)

@�±
+

@V�H(�±)

@�±
= 0 (8)

to determine the cosmological history of universes with
di↵erent values of m2

h and ✓. We do not make any as-
sumption on the initial position of �± along their po-
tentials. We can first consider universes where initially
|�±| . M± and the Higgs vev or the ✓-angle are outside
their stability interval Eq. (1). Their dynamics is deter-
mined entirely by the EFT in Eq. (2). It is easy to show
that these universes do not enter a phase of �± inflation
and H is always dominated by radiation if the reheat-
ing temperature is compatible with bounds from BBN.
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We have found that �+ gives an upper bound on ✓
and a lower bound on hhi given by Eq. (6), while ��
an upper bound on hhi given by Eq. (5). In terms
of experimentally measured quantities, this means that
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creases (⇤QCD ! ⇤(µB) in Eq. (7)). This will be dis-
cussed more extensively in [16]. In conclusion we have
an “axion” �+ with a mass-coupling relation identical
to the usual QCD axion. �+ is solving the strong CP
problem, but not in the usual way: all universes where
✓ > M+/F+ crunch very quickly. The second scalar ��
is an ALP heavier than a QCD axion with the same cou-
plings. We comment more extensively on phenomenology

1 There is an exception to this argument. In universes that are
doubly tuned, i.e. ✓ + �initial

+ /F+ ' 0 and �initial
+ ' �+,min the

�� tadpole can be smaller than ⇤4(hhi)M+/(F�F+), since in
this case �+ essentially does not move throughout its cosmolog-
ical history. However, the double tuning makes these patches
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FIG. 2. Example potentials V (�±) that select the weak scale.
If hhi & v the local minimum of V (��) is destabilized (left
panel), so that the field rolls down towards its deep global
minimum (not shown in the plot) and the Universe rapidly
crunches. Conversely, the local minimum of V (�+) is gener-
ated only if hhi & v and ✓ . ✓max.

after discussing in greater detail our cosmological dynam-
ics.

Before discussing cosmology, let us point out that the
flat direction of the QCD term in Eq. (3) does not pose a
problem for the stability of the potential, independently
of the Higgs vev. It is easy to show that for M�/F� . ✓0

the flat direction of Eq. (3) is actually stabilized by the
�� part of V�.

COSMOLOGY

We do not make any assumption on the Universe be-
fore reheating, except that it is one of many with dif-
ferent values of ✓, m2

h and the CC. We also do not make
any assumption on the reheating temperature, which can
range all the way from the BBN bound to TRH & MGUT

without a↵ecting our results. After reheating the cos-
mology of the model is determined by the temperature
dependent values of m�± . For simplicity we imagine that
�± are coupled to the reheating sector only through the
QCD anomaly, so V� in Eqs. (2) has its zero-temperature
form throughout the history of the Universe, while V�H

in Eq. (3) turns on at the QCD phase transition.
Crunching Time We can now solve

�̈± + 3H�̇± +
@V�(�±)

@�±
+

@V�H(�±)

@�±
= 0 (8)

to determine the cosmological history of universes with
di↵erent values of m2

h and ✓. We do not make any as-
sumption on the initial position of �± along their po-
tentials. We can first consider universes where initially
|�±| . M± and the Higgs vev or the ✓-angle are outside
their stability interval Eq. (1). Their dynamics is deter-
mined entirely by the EFT in Eq. (2). It is easy to show
that these universes do not enter a phase of �± inflation
and H is always dominated by radiation if the reheat-
ing temperature is compatible with bounds from BBN.
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because �+ moves by about M+ after the QCD phase
transition1. The above inequality is thus an upper bound
on hhi.

Similarly, a safe local minimum for �+ is found to exist
only if

⇤4(hhi) & m2
�+

F 2
+ and

M+

F+
& ✓ +

M�
F�

. (6)

This puts an upper bound on the maximal neutron EDM
that we can observe today and a lower bound on the
Higgs vev. The first inequality implies that the positive
curvature from V�H beats the negative one from V�+

,
while the second one enforces that this happens in the
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Before discussing cosmology, let us point out that the
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problem for the stability of the potential, independently
of the Higgs vev. It is easy to show that for M�/F� . ✓0

the flat direction of Eq. (3) is actually stabilized by the
�� part of V�.

COSMOLOGY

We do not make any assumption on the Universe be-
fore reheating, except that it is one of many with dif-
ferent values of ✓, m2

h and the CC. We also do not make
any assumption on the reheating temperature, which can
range all the way from the BBN bound to TRH & MGUT

without a↵ecting our results. After reheating the cos-
mology of the model is determined by the temperature
dependent values of m�± . For simplicity we imagine that
�± are coupled to the reheating sector only through the
QCD anomaly, so V� in Eqs. (2) has its zero-temperature
form throughout the history of the Universe, while V�H

in Eq. (3) turns on at the QCD phase transition.
Crunching Time We can now solve
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to determine the cosmological history of universes with
di↵erent values of m2

h and ✓. We do not make any as-
sumption on the initial position of �± along their po-
tentials. We can first consider universes where initially
|�±| . M± and the Higgs vev or the ✓-angle are outside
their stability interval Eq. (1). Their dynamics is deter-
mined entirely by the EFT in Eq. (2). It is easy to show
that these universes do not enter a phase of �± inflation
and H is always dominated by radiation if the reheat-
ing temperature is compatible with bounds from BBN.
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where ⇤4
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1 There is an exception to this argument. In universes that are
doubly tuned, i.e. ✓ + �initial

+ /F+ ' 0 and �initial
+ ' �+,min the

�� tadpole can be smaller than ⇤4(hhi)M+/(F�F+), since in
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ical history. However, the double tuning makes these patches
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FIG. 2. Example potentials V (�±) that select the weak scale.
If hhi & v the local minimum of V (��) is destabilized (left
panel), so that the field rolls down towards its deep global
minimum (not shown in the plot) and the Universe rapidly
crunches. Conversely, the local minimum of V (�+) is gener-
ated only if hhi & v and ✓ . ✓max.
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We do not make any assumption on the Universe be-
fore reheating, except that it is one of many with dif-
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h and the CC. We also do not make
any assumption on the reheating temperature, which can
range all the way from the BBN bound to TRH & MGUT

without a↵ecting our results. After reheating the cos-
mology of the model is determined by the temperature
dependent values of m�± . For simplicity we imagine that
�± are coupled to the reheating sector only through the
QCD anomaly, so V� in Eqs. (2) has its zero-temperature
form throughout the history of the Universe, while V�H
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to determine the cosmological history of universes with
di↵erent values of m2

h and ✓. We do not make any as-
sumption on the initial position of �± along their po-
tentials. We can first consider universes where initially
|�±| . M± and the Higgs vev or the ✓-angle are outside
their stability interval Eq. (1). Their dynamics is deter-
mined entirely by the EFT in Eq. (2). It is easy to show
that these universes do not enter a phase of �± inflation
and H is always dominated by radiation if the reheat-
ing temperature is compatible with bounds from BBN.
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