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A Fine-Tuned Higgs?

Is our universe precariously balanced between unbroken 
EWSB and badly broken EWSB? If so, how can we tell?

We want to suggest some possible new ways to think about 
these questions.



An Opinion
No new physics at the LHC is not a crisis. 

It’s probably more of a small accident. 

We’re unlucky enough to live in a corner of the multiverse where we 
didn’t get our SUSY (or other) discovery yet.

So What?
One easy answer is to sit back and wait for more data. 

We can also plan for higher-energy colliders if the LHC isn’t quite 
enough. 

But another question is: could there be a positive signal of fine-
tuning?



Fine-tuning in Field Space
The idea of tuning in theory space is too abstract to do much with. If 
heavy particles coupled differently to the Higgs, our vacuum would 
be very different. But we can’t change how particles couple. 

Or can we? Couplings depend on VEVs. 

In the early universe, various scalar fields could have 
had large VEVs, so effective couplings were different. 

Could have had unbroken EWSB or much more badly broken EWSB. 

Even better, could have dynamics, fine-tuning in time. 

Well motivated theories supply lots of good candidates for large 
variations in field space: saxions, moduli, D-flat directions. 

Let’s explore what can happen!



Higgs mass term depends on the modulus value. 
Global minimum at H/√2 = v, ɸ = 0.

Coupling a modulus to the Higgs

Consider a coupling linear in the modulus:

Scales:   𝝁 :  Standard Model Higgs mass param 
                f :  Modulus field range (~ Planck?)    
               M : “Natural” Higgs mass param (~ 100s TeV?)  
               m𝝓 : Modulus mass (~ 100s TeV?)  

Possible hierarchies: 𝝁 << m𝝓 ≲ M << f 
(Worth considering other variations too)



Fine tuning is the coincidence 
between the minimum of the 
ɸ potential and the point of 
marginal EWSB.

Modulus-Higgs potential

unbroken

badly broken

mildly broken

O(f)

ΔV(h)



More on Fine-Tuning
The notion of fine-tuning we’re using here is really the same as the 
standard one where we talk about loop corrections, at least up to 4pi’s. 

For instance, if the modulus has a SUSY breaking VEV:

then it affects soft terms through Planck-suppressed operators:

but also, if X deviates from its minimum, these soft terms shift:

All of our structure fits nicely in SUSY with M, m𝝓 set by SUSY-breaking scale. 
Fine-tuning the Higgs VEV below the SUSY breaking scale can be done, and 
will naturally occur for some choice of 𝝓; for that choice to be the ground state 
is where the tuning goes.



But                  is a measure of tuning!

Oscillating between EWS and EWSB

The Higgs will flip between tachyonic and not tachyonic if

Ignoring backreaction, the modulus starts oscillating when 
Hubble is below its mass. Assuming a modulus-dominated 
universe,

|M2�(t)/f | > |µ2|

This flipping stops when

m�t & ⇠�
M2

µ2

M2/µ2

The number of EW-flipping oscillations probes fine tuning.



Tachyonic particle production
As the modulus oscillates, if m𝝓 is at least a little bit small compared 
to M, the Higgs has time to respond.  

That is, there is a tachyonic particle production process when the 
Higgs flips to the tachyonic side, converting modulus energy into the 
Higgs energy.  

Tachyonic resonance efficiency parameter:

q ⌘ M2

m2
�

� 1



The problem of backreaction

As the modulus oscillates, if m𝝓 is at least a little bit small 
compared to M, the Higgs has time to respond.  

That is, there is a tachyonic particle production process. 

This potentially depletes energy from the modulus. But: create too 
many Standard Model particles, and they backreact. 

Simple estimate: the process shuts off once 

Crudely, can think of this as the quartic  

turning into a positive mass for the Higgs (more discussions later)

⇢SM ⇠ ⇢�

�h4 ⇠ �hh2ih2



Numerics
Saying what happens after backreaction occurs is difficult. 

Use a modified version of LatticeEasy (Felder, Tkachev ’00). 

These are classical field theory calculations on a lattice with 
stochastic initial conditions. 
 
They are valid only for a limited range of times. Power transferred 
to small scales eventually invalidates the calculation. 
 
Still, we can learn at least a couple of useful parametric statements 
from the results. 

For some parameters, the dynamics are violent, the modulus 
fragments, and we get an interesting interacting phase.

This scenario is similar to “tachyonic preheating”: Dufaux, Felder, 
Kofman, Peloso, Podolsky, hep-ph/0602144.



b ⌘ M4

2�f2m2
�

 1

Results: fragmentation and equation of state
Fragmentation of the modulus due  
to back-reaction is controlled by 

Matter 

Radiation 

Time

equation of 
state

potential is positive definite

No fragmentation

Full fragmentation



Coupled phase: neither  
matter domination nor  
radiation domination.

Full fragmentation

The modulus and the lighter 
field remain at comparable 
energy density.

𝝆(h)/𝝆(𝝓) ≈ 1



Evolution of the Fields



Large dynamical effect?
What the 
numerics tells us 
is that we need  
ΔV(h) ~ V(ɸ).

�V (h) ⇠ M4/�

V (�) ⇠ m2
�f
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badly broken
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Summary of the numerical results

Backreaction efficiency parameter: b ⌘ M4

2�f2m2
�

 1

Tachyonic resonance efficiency parameter: q ⌘ M2/m2
�

b ⇠ 1, q � 1 : w ⇡ 1/3

Efficient conversion of modulus energy into 
Higgs (radiation) 



Parametrics: Can We Get an Effect?

M4 ⇠ �m2
�f

2

What the numerics are showing is that to get a significant period 
of coupled, out-of-equilibrium modulus/Higgs dynamics, we 
need 

This could be satisfied in: 

a)m� . M ⌧ f ⇠ Mpl,� ⌧ 1

b)m� ⌧ M ⌧ f ⇠ Mpl,� ⇠ 1

✓
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Parametrics: Can We Get an Effect?

M4 ⇠ �m2
�f

2

What the numerics are showing is that to get a significant period 
of coupled, out-of-equilibrium modulus/Higgs dynamics, we 
need 

This could be satisfied in: 

a)m� . M ⌧ f ⇠ Mpl,� ⌧ 1

b)m� ⌧ M ⌧ f ⇠ Mpl,� ⇠ 1

For a), small quartics can arise along D-flat directions in 
SUSY.  
If we think in the full SUSY 2HDM, the Higgs getting a large VEV can be  
Hu = Hd. This is the possibility we’ll discuss in the most detail.



Gravitational Wave Production
Easther, Lim ’06; Amin, Hertzberg, Kaiser, Karouby ’14

Violent dynamics, like fragmenting the modulus field, produces GW 
background with amplitude

�⇡ : fraction of energy in quadrupoles 
(~ 10-1)

: relation between GW peak wavelength 
and Hubble (~10-1)

IF the universe remains radiation dominated after GW production 
until the usual matter-radiation equality

4

where we assume that the universe can be approximated
as radiation dominated shortly after � begins oscillation.
Note that for � ⌧ 1, these frequencies are beyond the
reach of current interferometric detectors (f . 103Hz).

The fraction of energy density in gravitational waves
today (per logarithmic interval in frequency around f0)
can be estimated as [11, 12]

⌦gw(f0) ⇠ ⌦r0�
2

⇡
�
2
, (7)

where ⌦r0 is today’s fraction of energy density stored
in radiation and �⇡ is the fraction of the energy den-
sity in anisotropic stresses at the time of gravitational
wave production. From the scalar field simulations, [MA:
�⇡ ⇠ 0.1 and � ⇠ 0.1 (or estimated from linear in-
stability calculations, and energetic arguments)] which
yield ⌦gw ⇠ 10�9

� 10�10. This result is consistent
with our more detailed lattice simulations which calculate
the gravitational wave spectrum using HLattice [13](see
Fig. ??). Note that detectable ⌦gw(f0 ⇠ 102Hz) & 10�9

for aLIGO at design sensitivity [14].
We can relax the assumption of a radiation-like equa-

tion of state immediately after fragmentation and gener-
alize the above formulae. Assuming that (i) fragmenta-
tion and gravitational wave productions happens quickly
after the modulus domination, (ii) the appropriately av-
eraged equation of state w = wmod for Nmod e-folds af-
ter fragmentation and before final radiation domination
kicks in, we get the following generalization of the above
formulae

f0 ⇠ e
�Nmod

4 (1�3wmod)

⇣
m�

103 TeV

⌘1/2
105��1 Hz

⌦gw(f0) ⇠ e
�Nmod(1�3wmod)⌦r0�

2

⇡
�
2 (8)

Note that a more observationally accessible, lower fre-
quency signal using large values of Nmod(1 � 3wmod)
would lead to a significant suppression of ⌦gw, making
detection challenging.

B Constraints from/on Inflationary Observables

Another possible consequence of the non-linear dynamics
is the change of the allowed e-folds during inflation. The
e-folds between the time the current co-moving horizon
scale exited the horizon during inflation and the end of
inflation are related to the e-folds between the end of in-
flation and today in a given expansion history [15]. The
expansion history also allows us to keep track of the evo-
lution of the energy density. Then the ns and r bounds
from CMB measurements constrain an inflationary model
together with its associated evolution afterwards. The
co-moving Hubble scale k = akHk that exits the horizon
during inflation could be written as

k = akHk =
ak

aend

aend

are

are

amod

amod

adec

adecHk, (9)

where aend, are, amod, adec are the scale factors at the end
of inflation, at the end of inflationary reheating, when

the modulus starts to oscillate, and when full decays of
the modulus happen (equivalently when radiation domi-
nates again) respectively. Using this relation and assum-
ing that during inflationary reheating, the constant in
the equation of state doesn’t exceed 1/3, we can obtain
a conservative lower bound on m�,

m
2

�

M
2
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& exp

"
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(10)

where r is the tensor-to-scalar ratio and ⇢k (⇢end) is the
energy density when the mode exits the horizon (at the
end of inflation). For 0 < wmod < 1/3, the bound can
get considerably weaker compared to the wmod = 0 case.
Details of the derivation and more discussions on the im-
plications of this bound can be found in § S2.

V More Realistic Models The simulation estab-
lishes that the relation M

4
⇠ �m

2

�
f
2 is crucial for frag-

mentation. In a gravity-mediated SUSY scenario, we
expect M ⇠ m� ⇠ msoft ⌧ f ⇠ Mpl with msoft the
SUSY breaking soft mass. Modulus fragmentation then
requires a tiny Higgs quartic coupling � ⇠ m

2

soft
/M

2

Pl
, at

first glance conflicting with the known SM Higgs mass.
However, in the SUSY context with two Higgs doublets,
there is a D-flat direction |Hu| ⇡ |Hd| along which the
e↵ective quartic coupling can be tiny. If, as the modu-
lus oscillates, the D-flat direction becomes tachyonic, we
could achieve b ⇠ 1.

Loop corrections lifting the D-flat direction are tiny at

large Higgs VEV, e.g. / log
⇣
1 + m

2
soft

y
2
t hHi2

⌘
. More impor-

tant corrections originate from higher dimension opera-
tors, for instance a Kähler term

Z
d
4
✓
X

†
X

⇤4
(H†

uHu)2 !
m

2

soft

⇤2
(H†

u
Hu)2, (11)

with X a SUSY breaking spurion and ⇤ the cuto↵
(e.g. MPl). Such Kähler corrections produce an e↵ective

Higgs quartic ⇠
m

2
soft
⇤2 , consistent with fragmentation e�-

ciency parameter b ⇠ 1. This allows the Higgs to achieve
VEVs of order ⇤ along the flat direction. More details
are in § S4.

Other possible directions include modifying the hierar-
chies between di↵erent energy scales, for instance, having
m� ⌧ M ⌧ f ⇠ Mpl while keeping the Higgs quar-
tic coupling order one. This requires sequestering SUSY
breaking to the modulus compared to the Higgs field. We
will leave more detailed model building to future work.

VI Conclusions and Future Directions If the
physical constants of the SM are determined by the vac-
uum expectation values of some scalar fields, in a tuned
universe, even a small displacement of such a scalar field
from its minimum can dramatically alter electroweak

�



Gravitational Waves from Moduli
If the out-of-equilibrium dynamics immediately converts all of the 
moduli to radiation, these simple estimates yield (𝜷~q-1/2): 

*

Amin et al.2014

This frequency is above the 
LIGO band. Need new 
technologies (Akutsu et al. 
’08; Goryachev, Tobar ’14; 
Arvanitaki and Geraci ’12). 

The amplitude isn’t terrible, 
and astrophysical 
backgrounds are low at high 
frequencies.



Numerical GW Spectrum

computed with HLattice (Z. Huang ’11)



Numerical GW Spectrum

A difficulty is that we do not expect the moduli will instantly decay fully 
into radiation. From the numerics we expect an extended phase of w ~ 
0.3, possibly reverting to standard moduli cosmology at some time. 

This means more redshift: smaller f and smaller 𝛀gw.

Redshifting



Amin, Easther, Finkel, Flauger, Hertzberg ’11

Amin, Lozanov ’17

The shapes of potentials that arise for 
moduli can lead to formation of 
“oscillons”—localized lumps of oscillating 
field. 

This could change our story in interesting 
ways, as the modulus doesn’t redshift inside 
the oscillon. More mass sign flipping and 
less backreaction? 

No conclusions yet! Need more studies.

One More Ingredient:  
Oscillons
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metry, then m2φ2 inflation (with a high reheat tempera-
ture) predicts a value ns ≃ 0.965, at the high end of the
currently allowed 1σ range, and a prediction that may
be testable with future CMB data and galaxy surveys.
As we will see below, these conclusions are robust to the
current order-unity uncertainty in r.

ln(1/aH)

ln a
ln ak ln aend ln are ln aeq ln a0

Nk Nre NRD

Tre

k

wre

inflation

reheating

radiation
domination

T0Vk

ρend

FIG. 1: The evolution of the comoving Hubble scale 1/aH .
The reheating phase connects the inflationary phase and
the radiation era. Compared to instantaneous reheating
(thick dotted curve), a reheating equation-of-state parame-
ter wre < 1/3 implies more post-inflationary e-folds of expan-
sion. Fewer post-inflationary e-folds requires wre > 1/3 (thin
dotted curve).

We start by sketching the cosmic expansion history in
Fig. 1. At early times, the inflaton field φ drives the
quasi–de-Sitter phase for Nk e-folds of expansion. The
comoving horizon scale decreases as ∼ a−1. The reheat-
ing phase begins once the accelerated expansion comes
to an end and the comoving horizon starts to increase.
After another Nre e-folds of expansion, the energy in the
inflaton field has been completely dissipated into a hot
plasma with a reheating temperature Tre. Beyond that
point, the Universe expands under radiation domination
for another NRD e-folds, before it finally makes a transi-
tion to matter domination.
It is clear from Fig. 1 that the number of e-folds be-

tween the time that the current comoving horizon scale
exited the horizon during inflation and the end of infla-
tion must be related to the number of e-folds between the
end of inflation and today if the dependence of (aH)−1

on a during reheating is known. The expansion history
also allows us to trace the dilution of the energy den-
sity in the Universe. To match the energy density during
inflation, as fixed by r, to the energy density today, a
second relation must be satisfied. These two matching
conditions, for scale and for energy density, respectively,
underly the arguments that follow.
Quantitative analysis. We consider power-law potentials

V (φ) =
1

2
m4−αφα, (1)

for the inflaton, with power-law index α and mass pa-
rameter m. From the attractor evolution of the inflaton

field 3Hφ̇+ V,φ ≃ 0, one can determine the number

N =

∫ φend

φ

Hdφ

φ̇
≃

φ2 − φ2
end

2αM2
pl

≃
φ2

2αM2
pl

, (2)

of e-folds from the time that the field value is φ until the
end of inflation. Note that the field value at the end of
inflation φend is small compared to that during slow-roll.
The conventional slow-roll parameters are then given by

ϵ = α/(4N), and η = (α− 1)/(2N). (3)

For power-law potentials, the scalar spectral tilt ns − 1
and the tensor-to-scalar ratio r are inversely proportional
to the number of e-folds,

ns − 1 = −(2 + α)/(2N), r = 4α/N. (4)

Simultaneous measurements of ns − 1 and r with high
precision in principle pin down both N and α. However,
given the current uncertainty in r, we treat α as a model
input and use ns − 1 to infer both N and r. As we shall
see, the precise value of r does not affect our results.
In cosmology we observe perturbation modes on scales

that are comparable to that of the horizon. For example,
the pivot scale at which Planck determines ns lies at k =
0.05 Mpc−1. The comoving Hubble scale akHk = k when
this mode exited the horizon can be related to that of the
present time,

k

a0H0
=

ak
aend

aend
are

are
aeq

aeqHeq

a0H0

Hk

Heq
. (5)

Here quantities with subscript k are evaluated at the
time of horizon exit. Similar subscripts refer to other
epochs, including the end of inflation (end), reheat-
ing (re), radiaton-matter equality (eq) and the present
time (0). Using eNk = aend/ak, eNre = are/aend, and
eNRD = aeq/are, we obtain a constraint on the total
amount of expansion [24],

ln
k

a0H0
= −Nk −Nre −NRD + ln

aeqHeq

a0H0
+ ln

Hk

Heq
. (6)

The Hubble parameter during inflation is given by Hk =
πMpl (rAs)

1/2 /
√
2, with the primordial scalar amplitude

ln(1010As) = 3.089+0.024
−0.027 from Planck [9]. For a given

power-law index α, Nk and r are determined from ns−1,
and hence lnHk is known.
In addition to Eq. (6), a second relation between the

various e-folds of expansion can be derived by tracking
the post-inflationary evolution of the energy density and
temperature. The inflaton field at the end of inflation has
a value φend = (α2M2

pl/2ϵ0)
1/2 under the estimate that

inflation terminates at ϵ = ϵ0 ≃ 1, while its value dur-
ing inflation satisfies Nk = φ2

k/(2αM
2
pl). Therefore, the

final stage of inflation phase has potential energy Vend =
Vk(φend/φk)α, where Vk = 3M2

plH
2
k = (3π2/2)M4

pl rAs.

early-time matter domination

Given a cosmological history,
Nk related to the total number of e-folds 
between end of inflation and today; 
energy density during inflation related to
energy density today. 

(ns, r) and the Time Interval After Inflation

Liddle, Leach ’03 
Easther, Galvez, Ozsoy, Watson ’13

For some inflation models, disfavors extended period of moduli domination (Dutta, Maharana)

darker bands: hypothetical future measurements



More realistic model: SUSY

Reminder: 
 
The tree-level MSSM has a Higgs quartic coupling from D-terms, 
completely fixed by the Higgs’ electroweak representations: 

V = (|µ|2 +m
2
Hu

)|H0
u
|2 + (|µ|2 +m

2
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Notice the D-flat direction: |H0
u| = |H0

d |

m� . M ⌧ f ⇠ Mpl,� ⌧ 1How to achieve small Higgs quartic?



The Higgs quartic coupling

a SUSY-breaking contribution to the Higgs quartic comes 
from loops of stops:

V1�loop ⇡ 3y4t
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In addition to the tree-level potential,

Non-vanishing along the D-flat direction. Does it stop us?



V1�loop ⇡ 3y4t
16⇡2

(H†
uHu)

2

"
log

m
2
t̃

m
2
t

+
X

2
t

m
2
t̃

 
1� 1

12

X
2
t

m
2
t̃

!#

EWSB Along the Flat Direction
Suppose there is a tachyonic direction pointing along the flat direction, that is, 
that we have

�
1 1

�✓|µ|2 +m2
Hu

�b
�b |µ|2 +m2

Hd

◆✓
1
1

◆
= m2

Hu
+m2

Hd
+ 2|µ|2 � 2b < 0

How large will the Higgs VEV be? At first, you would expect to be stopped by the 
loop-level quartic coupling:

But importantly, the stop mass here is the geometric mean of the physical stop 
masses,

m
2
t̃ ⇡ m

2
Q3,ū3

+ y
2
t |H0

u|2

and as we move far out along the flat direction the stop and top become 
degenerate:

hH0
ui � Msoft ) mt̃ ⇡ mt

Approximate SUSY suppresses the quartic by a factor of 
Msoft2/H2, allowing Higgs VEVs much larger than soft masses!



Flat directions should always be lifted at very large field values.

Z
d
4
✓
X

†
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Kähler corrections are compatible with VEVs of order the cutoff:

Z
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✓
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M
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Superpotential terms at first glance appear more dangerous.

µ
†

M
(H†

uHu)(Hu ·Hd) + . . . ) hhi ⇠
p
µM

gives rise to quartics:

but given that some spurion forbids the mu term we expect

1

M
. µ

⇤2
) hhi ⇠ ⇤

Higher-Dimension Operators 
Lifting the Flat Direction



Summary
Cosmology allows us to see the effects of fine-tuning in field space. 

Time-dependent VEVs of moduli explore regions where the Higgs 
potential can be very different than in our late-time universe. 

This can lead to a coupled dynamical evolution of the modulus 
and the Higgs, with exotic equation of state w near 1/3. 

The modulus can fragment and produce gravitational waves. 

However, that requires unusual parameter choices, for instance tiny 
quartic couplings. 

In SUSY, such tiny quartics occur when venturing out along the D-
flat directions! The fact that our universe is tuned might make it 
easy to access such regions of field space.



Thank you!


