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THE HIERARCHY PROBLEM

 The hierarchy problem 
arises when we try to 
predict the Higgs mass in 
terms of small length scale 
(high energy scale) 
parameters.

Green lines: masses of new 
particles that couple to the 
Higgs (thresholds)
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The RHS contributions must be tuned against the loop corrections 
to one part in , M being the new physics scale, for instance 
to the 26th decimal place for GUT scale new physics.
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THE HIERARCHY PROBLEM
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SYMMETRY BASED SOLUTIONS
 ( ) a special point due to some symmetry.  That is 

symmetry protects .

However, there is no such symmetry in SM.  SM needs to be 
extended to include this symmetry which is then broken.

This gives Higgs mass:

New particles (superpartners, composite states) close to 
symmetry breaking scale which is in tension with LHC null results.

mh = 0 μ2 = 0
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soft, y2 f2
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LHC NULL RESULTS

The LHC, however has seen no such states even more than a 
decade after the Higgs discovery.

If the LHC  doesn’t see any new physics also in the future,  was 
this argument wrong ?

It would be wrong but if so would be wrong in an interesting way.



“The opposite of a fact is a falsehood, but the 
opposite of one profound truth may very well be 
another profound truth.”  – Niels Bohr



BYPASSING  TEV  SCALE  PHYSICS

Not easy to find a loophole in the above argument for TeV 
scale physics

Alternatives that allow  TeV theoretically 
constrained and thus interesting to pursue

mh ≪ M, M ≫



NEW APPROACHES TO HIERARCHY PROBLEM 

New approaches

UV-IR mixing

Cosmological
Selection

No new BSM scales.
No quadratic corrections

from Planck scale.
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V(H) ⊃ μ2
H(ΛUV)H†H μ2(ΛUV) = f({αUV

i )})
M1 = 1018 GeV
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L1 = 10−34 mWhat if the relationship 
between the EW  VEV 
and the UV model is 
not one to one ? 

 What if the 
fundamental  theory 
has many phases/
ground states each with 
a different value of the 
EW VEV?  

A LANDSCAPE OF EW SCALES

Eg. multiple scalars getting VEV/string theory
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We have obtained a landscape!



LANDSCAPE OF SOLUTIONS

Imagine a landscape of 
Higgs mass values.

These different  values 
might physically exist in a 
multiverse.

OR the different values 
exist as possible 
theoretical solutions 
(vacua). Eg: relaxion models

μ2

μ2



LANDSCAPE OF SOLUTIONS
Imagine a landscape of Higgs 
mass values.

The other ingredient is a 
selection mechanism that 
selects only the solutions 
where is in a certain 
window.

Example:  Anthropic selection: 
life can exist only for is in a 
certain window.

μ2

μ2

Agrawal, Barr, Donoghue & Seckel (1998)



Imagine a landscape of Higgs mass 
values.

A new class of models have now 
appeared that propose non-anthropic 
cosmological selection mechanism

These include scalars  in addition to 
the Higgs whose dynamics selects 
particular window.

Eg: Relaxion models are the most 
prominent example but are not the only 
example.

ϕi

COSMOLOGICAL SELECTION

P. W. Graham, D. E. Kaplan, and S. Rajendran (2015) 



COSMOLOGICAL SELECTION OF WEAK 
SCALE: MANY NEW APPROACHES
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ANOTHER REASON WHY  IS SPECIALμ2 → 0

Cosmological selection utilises the following : Even if ,  does not lead 
to symmetry enhancement it is still special because, , is still special. It 
separates two phases, one with EWSB, , and one without.

μ2 → 0
μ2 = 0

⟨H†H⟩ ≠ 0

μ2 < 0 μ2 > 0

μ2 = 0

⟨H†H⟩ ≠ 0 ⟨H†H⟩ = 0



WHAT CAN BE TRIGGERED BY THE HIGGS VEV ?

One clear physical consequence of 
the Higgs VEV is that it lowers the 
vacuum energy

Suggests a selection mechanism: 
regions with higher vacuum energy 
expand the most during inflation 
and dominate the universe

Thus large Higgs VEVs disfavoured 
over small VEVs

Higgs  dialled  from  large +ve to -ve values
(Blue to orange to green)

μ2

VH

H
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μ2

WHAT CAN BE TRIGGERED BY THE HIGGS VEV ?

One clear physical consequence of 
the Higgs VEV is that it lowers the 
vacuum energy

Suggests a selection mechanism: 
regions with higher vacuum energy 
expand the most during inflation 
and dominate the universe

Thus large Higgs VEVs disfavoured 
over small VEVs

How can we use this fact ?
Recall that gravity sensitive to vacuum 

energy.

Higgs  dialled  from  large +ve to -ve valuesμ2





Thus large Higgs VEVs disfavoured over small VEVs, so small 
negative Higgs mass squared would be preferred over large 
negative Higgs mass squared .

But if Higgs mass squared is positive VEV=0 vacuum energy 
contribution is always 0. 

This does not give a selection mechanism to exclude large 
positive Higgs mass squared values.

WHAT CAN BE TRIGGERED BY THE HIGGS VEV ?



SELECTION MECHANISM ONLY FOR -VE  μ2

Large Higgs VEVs 
disfavoured over small 
VEVs, so small negative 
Higgs mass squared would 
be preferred over large 
negative Higgs mass 
squared

Positive  still selectedμ2

M. Geller, Y. Hochberg, and E. Kuflik (2019)



We want a model that maximises vacuum energy only in a certain 
window where Higgs has a non-zero but small VEV.

MINIMAL COSMOLOGICAL SELECTION MODEL 
(FIRST ATTEMPT)

V = V(H) + ΔVT(ϕ, H)

Chattopadhyay, Chattopadhyay, & RSG, arxiv: 2407.15935

Large VEV implies 
low-vacuum energy and is

 thus excluded 

TRIGGER TERM: Zero VEV excluded 
as it leads to 

bigger vacuum energy in  sector ϕ



HIGGS  VEV  AS  A  TRIGGER

A VEV for the Higgs lifts the scalar phi raising 
the total vacuum energy:

⟨H⟩ = 0 → m2
eff < 0

⟨H⟩ = v → m2
eff > 0

VTrigger = (−m2 + κ |H |2 )ϕ2 + λϕϕ4{
m2

eff

Vϕ

ϕ

Vϕ

ϕ
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A VEV for the Higgs lifts the scalar phi raising 
the total vacuum energy:
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By closing loops, however, we can generate a 
contribution to the mass term:

For trigger to be effective we must have:

Λ ≲ 4πv

Vϕ

ϕ
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HIGGS  VEV  AS  A  TRIGGER

A VEV for the Higgs lifts the scalar phi raising 
the total vacuum energy:

⟨H⟩ = 0 → m2
eff < 0

⟨H⟩ = v → m2
eff > 0

VTrigger = (−m2 + κ |H |2 )ϕ2 + λϕϕ4{
m2

eff

κ ϕ2 |H |2 → κ ϕ2 Λ2

16π2

By closing loops, however, we can generate a 
contribution to the mass term:

For trigger to be effective we must have:

Λ ≲ 4πv

This is a general issue for all cosmological selection models 
with triggers.  Whatever VEV can trigger can be already 
triggered by closing Higgs loop!

A universal feature of cosmological selection models is  thus 
the prediction of new physics at weak scale: a dark QCD 
sector, vector-like fermions, sterile neutrinos, an additional 
Higgs doublet

|H |2

Arkani-Hamed, D'Agnolo, and Kim (2020) 
Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant (2015) 



Our model maximises vacuum energy only in a certain window where 
Higgs has a non-zero but small VEV.

A MINIMAL COSMOLOGICAL SELECTION MODEL

V = V(H1, H2) + ΔVT(ϕ, H1, H2)

Large EW VEV implies 
low-vacuum energy and is

 thus excluded 

TRIGGER TERM: Zero EW VEV excluded 
as it leads to 

bigger vacuum energy in  sector ϕ

(Recall that in 2HDMs we can always go to a basis 
where only a single doublet, H has all the VEV.)

Chattopadhyay, Chattopadhyay, & RSG, arxiv: 2407.15935



We consider a 2HDM and 
an additional PNGB scalar . 

2HDM respects a  
symmetry .

Trigger term breaks both 
shift symmetry and 

ϕ

Z2
H1 → − H1

Z2

A MINIMAL COSMOLOGICAL SELECTION MODEL

VT(ϕ) = κ
μϕ

f
ϕ2H†

1 H2 + h . c .



COSMOLOGICAL SET UP

Higgs sector contribution inflation contribution CC

Vacuum energy contribution in  vacuum:{i, j, k}

=
Higgs sector parameters

Multiverse reaches a stage where its volume is dominated by the maximal 
energy vacuum where each of the above terms, in particular the

FIRST TERM is maximised



COSMOLOGICAL SET UP

Λ ∼ HIMpl ∼ 1010GeV HI /v⋆

S

V(S)

* * *

We assume the `probabilities’,  peak  
at the minima:

P(S)

This requires:

Leads to upper bound on cutoff:



VARIATION IN 2 STEPS

VARY

MAXIMIZE



VARIATION IN 2 STEPS

STEP 1 VARY

MAXIMIZE
Can trade for v, tan β



VARIATION IN 2 STEPS

STEP II VARY

MAXIMIZE



V(ϕ)V(H)

H

H ϕ

ϕ

⟨H⟩ = 0

⟨H⟩ ≫ 100 GeV

⟨H⟩ ∼ 100 GeV

Highest vacuum 
energy. Regions with 

 
selected

As they expand more 
during inflation

Provided

⟨H⟩ ∼ 100 GeV

H =
v1

v
H0

1 +
v2

v
H0

2

Higgs direction that gets all the VEV
(Orthogonal direction: no VEV)

STEP 1: VARYING  AND  μ2
1 μ2

2

H ϕ

C.

A.

B.



Electroweak VEV in vacua with maximal vacuum energy:

A MINIMAL COSMOLOGICAL SELECTION MODEL

μϕ f
Scale of explicit symmetry breaking. It is 
technically natural and can be chosen to 

be as small as we want

v2
⋆ ≪ Λ2



CONDITIONS ON QUARTICS
We find that the above conclusion that maximal energy vacua is one 
with small electroweak VEV if quartics satisfy following conditions:

Potential is bounded 
from below

Minima where both 
 and doublets 

Have non-zero VEV excluded
ϕ

Vacuum Energy in middle panel 
indeed biggest

Desired class of minima exist



STEP II: VARYING THE QUARTICS

Potential is bounded 
from below

Minima where both 
 and doublets 

Have non-zero VEV excluded
ϕ

Vacuum Energy in middle panel 
indeed biggest

Desired class of minima exist

Al these conditions automatically selected by 
our requirement of maximal vacuum energy!



MAXIMAL ENERGY VACUA EXPAND 
EXPONENTIALLY FASTER DURING INFLATION

Initial

Highest vacuum energy

⟨ϕ⟩ = 0 , v ∼ v⋆ ≪ Λ

Smaller vacuum energy
⟨ϕ⟩ ≠ 0 , v = 0

⟨ϕ⟩ = 0 , v ≫ v⋆
Smaller vacuum energy

C:

A:

B:

Highest vacuum energy

v ∼ v⋆ ≪ Λ
Selected region

Final



2HDM PHENOMENOLOGY

Requiring maximal vacuum energy gives 
a precise falsifiable prediction:

125 GeV

decays of CP even Higgs bosons
charged Higgs/pseudoscalar decays

can be directly measured 
at LHC



2HDM PHENOMENOLOGY
Precise falsifiable prediction:

contours of cos(α − β)

Higgs Signal strength measurements

We also show direct search bounds 

Charged Higgs bounds (b to s transitions etc) 
can always be satisfied by choosing its mass to 
be heavy enough

H/A → ττ



PHENOMENOLOGY OF ϕ
 light scalar quadratically coupled to 

SM particles, eg. 

It is possible to get misalignment dark 
matter in DM band (if the  not 
scanned too finely) 

Bounds from equivalence principle 
violation shown in blue 
(MICROSCOPE experiment)

Our model leads to variation of 
fundamental constants, but current 
experiments not sensitive enough

ϕ

μ2
i



COMPARISON WITH PREVIOUS WORK

Our work is built on these models that used a similar 
mechanism:

These models were more ambitious and included a mechanism 
to scan the Higgs mass (like in relaxion models).  Eg:

M. Geller, Y. Hochberg, and E. Kuflik (2019) 
C. Cheung and P. Saraswat, (2018) 
G. F. Giudice, M. McCullough, and T. You, (2021) 

(Λ2 − gΛϕ)H†H



COMPARISON WITH PREVIOUS WORK

First work to propose selection mechanism based 
on high vacuum energy patches inflating more

More involved potential and mechanism

Cut-off: 

Needs a doubly periodic potential that can be 
obtained from clockwork mechanism

Λ ≲ 107 GeV

M. Geller, Y. Hochberg, and E. Kuflik (2019) 



COMPARISON WITH PREVIOUS WORK

Linked critical points in Higgs 
potential to maxima in 

However could raise cut-off at 
most to 2 loop factors above 
the weak scale:

Also needs clockwork to trap  
at maxima

ϕ

ϕ

C. Cheung and P. Saraswat, (2018) 

Λ ≲ 16π2v



G. F. Giudice, M. McCullough, and T. You, (2021) 

It explains why, 

Introduced vector-like fermions to lower  to TeV scale.

Also needs clockwork to either trap  at its maxima or explain    
super-planckian 

ΛI

ϕ
f .

COMPARISON WITH PREVIOUS WORK

scale where Higgs quartic     
vanishes due to running  

 in SM ∼ 1011 GeV



SELECTION SANS SCANNING

We are less ambitious and propose a minimal model that 
implements only selection and not scanning.

Instead we just assume existence of a landscape of vacua.

 This leads to some desirable features.



Upto the presence of a PNGB, potential is completely generic 
with  parameters. No clockwork mechanism needed.

Field value always lower than cut-off and f is sub-planckian.

No of e-folds in slow-roll phase not large

𝒪(1)

MINIMAL COSMOLOGICAL SELECTION MODEL



CONCLUSIONS
We propose a cosmological selection model with an additional Higgs 
doublet and a PNGB scalar

We assume there is already a landscape of vacua with different 2HDM 
parameters

Regions of this landscape with highest vacuum energy expand 
exponentially more

Large EW VEVs automatically exceeded

By construction the vacuum energy peaks at small but finite Higgs VEV



Thank you for your attention!



MEASURE  PROBLEM
If one measures volumes in the multiverse by just taking proper 
time slices the youngness paradox arises

Younger universes arise from a volume that gets more time in 
exponential expansion phase making them exponentially more likely

This is rectified in the stationary measure by comparing  volumes of 
two regions after the same amount of time since stationarity is 
reached

Even in the stationary measure after a sufficient time regions with 
maximum  vacuum energy will dominateH − ϕ

μ2
H = (1018 GeV)2



COMPARISON WITH PREVIOUS WORK

Our work is built on these models that used a similar mechanism:

These models were more ambitious and included a mechanism to 
scan the Higgs mass (like in relaxion models).  Eg:

Not including other trigger mechanism like models where Higgs 
VEV triggers a big crunch

M. Geller, Y. Hochberg, and E. Kuflik (2019) 
C. Cheung and P. Saraswat, (2018) 
G. F. Giudice, M. McCullough, and T. You, (2021) 

Csaki, D’Agnolo, Geller, and Ismail, (2020) 
D'Agnolo and Teresi, (2021) 
D'Agnolo and Teresi, (2022) 

(Λ2 − gΛϕ)H†H



COMPARISON WITH PREVIOUS WORK

First work to propose selection mechanism based 
on high vacuum energy patches inflating more

More involved potential and mechanism

Cut-off: 

Needs a doubly periodic potential that can be 
obtained from clockwork mechanism

Λ ≲ 107 GeV

M. Geller, Y. Hochberg, and E. Kuflik (2019) 



COMPARISON WITH PREVIOUS WORK

Linked critical points in Higgs 
potential to maxima in 

However could raise cut-off at 
most to 2 loop factors above 
the weak scale:

Also needs clockwork to trap  
at maxima

ϕ

ϕ

C. Cheung and P. Saraswat, (2018) 

Λ ≲ 16π2v



G. F. Giudice, M. McCullough, and T. You, (2021) 

Much wider in scope. Proposed explanation of near criticality of 
Higgs mass, self coupling and also a solution to CC problem.

Solution to hierarchy problem explained why, 

Introduced vector-like fermions to lower  to TeV scale.

Also needs clockwork to either trap  at its maxima or explain    
super-planckian 

ΛI

ϕ
f .

COMPARISON WITH PREVIOUS WORK

scale where Higgs quartic     
vanishes due to running  

 in SM ∼ 1011 GeV



BACK UP



MINIMAL COSMOLOGICAL SELECTION MODEL

Cut-off can be high as Planck scale

Modulo the presence of a PNGB, potential completely generic 
with  parameters.  No clockwork needed.

Field value always lower than cut-off

𝒪(1)

Chattopadhyay, Chattopadhyay, RSG & Karmakar (in progress)



WAVELIKE DARK MATTER

 is displaced from its minima and performs 
damped oscillations giving rise to wave-like 
dark matter.

Has already been studied/addressed for 
relaxions, sliding naturalness and CS model.

ϕ

ρϕ =
m2

ϕϕ2

2
∼

1
a3

Banerjee, Kim & Perez (2019)



SHORTCOMINGS OF COSMOLOGICAL 
SELECTION MODELS

Apart from the specific issue that the cut-off is 
not much higher than the weak scale Cheung-
Saraswat (CS) model faces some universal 
issues faced by cosmological selection:

1. Potential very hard to realise: Periodic+Non-
periodic. Requires elaborate clockwork 
mechanism.

2. Extremely small/large numbers. Exponentially 
large number of e-folds.  

3. In some other models (not CS) field 
excursions larger than cut-off, .Mpl



SELECTION SANS SCANNING

Many of these problems arise in 
an attempt to scan the Higgs 
mass from -  to .

We will be less ambitious and 
propose a minimal model that 
implements only selection and 
not scanning.

We will assume as a given a  
multiverse with varying Higgs 

.

Λ2 Λ2

μ2

Chattopadhyay, Chattopadhyay, RSG & Karmakar (in progress)



CHEUNG-SARASWAT MODEL

Cheung & Saraswat (2019)

V(H, ϕ) = (Λ2 − gΛϕ) |H |2 + λ |H |4

Cheung and Saraswat proposed a model 
where the Higgs mass squared is scanned 
by a new scalar

 

Potential   vanishes for positive  and 
falls for negative 

At this stage, positive    not disfavoured

μ2

μ2

μ2



CHEUNG-SARASWAT MODEL

Cheung & Saraswat (2019)

whole reigon
selected including 

 μ2(ϕ) ∼ Λ2

V(H, ϕ) = (Λ2 − gΛϕ) |H |2 + λ |H |4

Cheung and Saraswat proposed a model 
where the Higgs mass squared is scanned 
by a new scalar

 

Potential   vanishes for positive  and 
falls for negative 

At this stage, positive    not disfavoured

μ2

μ2

μ2



Cheung & Saraswat (2019)

CHEUNG-SARASWAT MODEL

At loop level,

Gives a vacuum energy peak at small 
values of provided, .

Solves the Hierarchy problem only 
up to a scale .

v ∼ Λ/4π

Λ ∼ 4πv

ΔV = − gΛϕ
Λ2

16π2



CHEUNG-SARASWAT MODEL

Now add an oscillator term:

The minima at the top have highest 
vacuum energy.

Small  and  v mh

M4 cos ( ϕ
f )

Cheung & Saraswat (2019)



CHEUNG-SARASWAT MODEL

M. Geller, Y. Hochberg, and E. Kuflik (2019) 
C. Cheung and P. Saraswat, (2018) 
G. F. Giudice, M. McCullough, and T. You, (2021) 



CHEUNG-SARASWAT MODEL

M. Geller, Y. Hochberg, and E. Kuflik (2019) 
C. Cheung and P. Saraswat, (2018) 
G. F. Giudice, M. McCullough, and T. You, (2021) 



SHORTCOMINGS OF COSMOLOGICAL 
SELECTION MODELS

Apart from the specific issue that the cut-off is 
not much higher than the weak scale Cheung-
Saraswat (CS) model faces some universal 
issues faced by cosmological selection:

1. Potential very hard to realise: Periodic+Non-
periodic. Requires elaborate clockwork 
mechanism.

2. Extremely small/large numbers. Exponentially 
large number of e-folds.  

3. In some other models (not CS) field 
excursions larger than cut-off, .Mpl



If we accept the tuning, we need to know the parameters in the 
UV theory in the RHS to one part in  for Planck 
(GUT) scale new physics and theoretical predictions to many 
loop orders to be able to actually predict the Higgs mass.

10−34(10−26)

THE HIERARCHY PROBLEM

Panico & Wulzer, 2015



THE HIERARCHY PROBLEM

 The hierarchy problem 
arises when we try to 
predict the Higgs mass 
in terms of small length 
scale (high energy scale) 
parameters.

Green lines: masses of new 
particles that couple to the 
Higgs (thresholds)


