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The Higgs may couple to a topological 4-form sector which yields a complex vacuum structure. In many
of the resulting Higgs vacua electroweak symmetry is unbroken. In just as many it breaks when the
4-form flux is large enough. For a fixed value of flux, the symmetry breaking vacua have a smaller
vacuum energy than the symmetric ones, where the difference is quantized because it is set by the 4-
form flux. This leads to the possibility that there is a value of the 4-form flux for any UV contributions

to the Higgs vev that automatically cancels it down to the right value, ~ TeV, if the 4-form charges are
quantized in the units of the electroweak scale. This would still leave the cosmological constant which
could be selected anthropically. In addition, the 4-form couplings could lead to direct CP violation in a

non-minimal Higgs sector.
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1. Introduction

Why is the Standard Model (SM) so light? In the standard for-
mulation of the SM, the masses of all particles, including the Higgs,
are set by the Higgs vev after the electroweak (EW) spontaneous
symmetry breaking (SSB). However, if there are any additional
heavy degrees of freedom in the universe, which could either play
a role in the unification of forces or be dark matter, that have
non-ignorable couplings to the Higgs, the Higgs vev would receive
significant contributions from their vacuum fluctuations. If string
theory is right, this seems inevitable, since all of light QFT should
be understood as an EFT with many heavy states integrated out.
Without an obvious cancellation mechanism as for example low
scale SUSY, it is puzzling to see that such heavy states do not in-
fluence the observed low energy physics more significantly.

The SM, therefore, appears to be special. Its specialty is tracked
down to the special value of a single dimensional number, the
Higgs vev. This evokes an obvious analogy to another very special
dimensional parameter characterizing the universe, the cosmolog-
ical constant. A possible way to understand its smallness is to
imagine that it is a characteristic of a nontrivial structure of the
manifold of vacua in the theory, rather than an unpredictable pa-
rameter in a simple vacuum. The Higgs vev might be similar. We
might not have a single vacuum hosting the light low energy the-

* Corresponding author.
E-mail addresses: kaloper@physics.ucdavis.edu (N. Kaloper),
alexander.westphal@desy.de (A. Westphal).

https://doi.org/10.1016/j.physletb.2020.135616

ory, enforced by local dynamics controlled by symmetries which
preclude UV contaminations. Instead we may have a large multi-
plicity of Higgs vacua where the possible vevs are quantized with
a step size ~ TeV. In this case, the observed features of the SM
could be understood as a cosmological coincidence without any
need for new dynamics and new particles. The Higgs vev selection
would be very weakly anthropic, while the cosmological constant
in these vacua could then be selected by the more refined cosmo-
logical evolution combined with anthropic boundary conditions.

In this communication we will present a framework which real-
izes such a scenario. The idea is simple: if a 4-form couples to the
Higgs, this is the case, the Higgs effective potential could include
terms such as
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such as those which appear in 4D flux monodromy models of in-
flation [1-5]. In the minimal version of the SM, with a single Higgs
doublet, the Higgs is CP-even and so ¢ must be a CP-odd number.
However in non-minimal extensions of the SM with multiple Hig-
gses, the terms (1) would generalize to also include objects that
may be CP-indefinite.! Since the whole action should be invariant,
and the term €F is CP-odd, this means that in principle general

! The specific CP properties of ¢ depend on the UV completion. For example if
we start with a compactification which includes terms o GM\,-M,F“"“’\QS\Z, where
G and F are two different 4-forms, and G has a magnetic flux whose discharge is
much more suppressed than the F flux, there resulting 4D term will be (1) where
¢ is CP-odd. However there could be configurations with terms o Gzelu,m}-‘““‘“ €
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terms in non-minimal Higgs models could also be CP-indefinite.
We will keep in mind such non-minimal extensions of the SM
in what follows. Note that terms like this have been used previ-
ously to set up landscapes of 8 cp and gauge hierarchy [6-11] and
have been found to give new angles of attack on the cosmological
constant problem [6,7,12-15]. Specifically, Higgs-4-form couplings
were investigated in [8,9].

Since the 4-form field strength Fj 5o = 40, Avrs) is dimen-
sion-2, our term eq. (1) is actually renormalizable, and it could
have been included in the SM from the start.? This renormalizable
coupling together with the field-independent quantized structure
of the membrane charge forms the main difference with respect to
the earlier analyses [8,9].

Note however, since the 4-form field strength is additive, F ~
Ng where N is an integer and q the charge of a membrane sourc-
ing the flux of F, the field strengths could easily be very large, of
either sign. Further, it will take discrete values, separated by a unit
of g, leading to many different low energy theories of the Higgs
sector.

Thus any UV contributions to the Higgs vev can be compensated
by the 4-form flux in some of the vacua, however large these cor-
rections might be. If the unit of charge is picked to be cq ~ TeV?,
the flux of the 4-form will be just right to cancel the large UV
corrections for some value of N.

2. A Christmas tree of electroweak vacua

Let us now flesh out the details. For simplicity we only work
with the Higgs sector. The idea is to assume that the Higgs poten-
tial includes the standard terms,

A v2
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where however v can be arbitrarily large, including any possible
UV contribution from above the EW scale; A is an a priori arbi-
trary contribution to the cosmological constant in the vacuum. We
will take it to be a globally dynamical variable, similar to [14,15].
In addition, we add the terms ‘monodromizing’ the Higgs vev,
12
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and then we dualize F, replacing it with its dual magnetic field
strength. This amounts to adding

8V = %GWM(F“”M — 49l A2l (4)

to the effective potential. Adding them up gives our modification
to the SM Lagrangian,
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The last term says that locally Q is a constant, which can only
change by a membrane emission, since a membrane with a charge
q couples to A by

q
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{non — minimal Higgs mass terms}, which break CP, and thus a general construction
may involve both CP-even and CP-odd contributions.
2 And parametrize CP-violations in non-minimal extensions of the SM.

This means that Q is quantized in the units of the membrane
charge q, Q = Nq. Now completing the square in F and integrating
it out yields the final formula for the extended Higgs potential,
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where
A=A+ 2c? (8)
v2=v2-2cQ . (9)

Note that the effective potential (7) resembles the relaxion [16,
17] realized via a monodromy [18], which was ‘frozen’ out and
replaced by a locally constant value Q. Such a model was explored
in [19].

The formula in Eq. (9) is particularly important. Since Q = Ngq,
no matter what v2 is, we can always pick an integer N such that
v2 is in the TeV window required to keep the SM at the observed
scales. This means that in order to make this natural, and avoid
gross fine tunings we must pick

cq <Tev? . (10)

In this case, we are guaranteed that there is a vacuum branch for
any v > TeV, such that
2

N, = ["_] (11)

cq
is the integer closest to the ratio v2/cq from below, for any v2. In
other words, whatever the UV physics that could affect the Higgs
vev, there is a flux of F that compensates it, retaining the expecta-
tion value of the Higgs in the EW window.

Note, that in this case the neighboring values of the flux,
N =N, £ 1 are already problematic from the low energy point
of view. For N = N, + 1, the EW symmetry is restored, since
v2 — 2cq(N4 + 1) flips sign, as the flux overcompensates v2. For
N = N, — 1, the Higgs vev is larger by O(1), rendering the SM
particles all heavier, while all the charges remain fixed. This is
problematic for low energy physics, in particular BBN, bearing in
mind that light particles with the wrong values of fluxes would
cease to be light when the charges are quantized at the TeV scale.
If we require that the universe should evolve to allow nontrivial
very low energy dynamics instead of being a cold boring place,
this clearly favors® the critical flux with N,.

Further issues - and insights - arise when we consider the
cosmological constant contribution from EW SSB. In vacua with
N > N, for a fixed v2, we have ¥2 < 0 and there is no EW SSB.
The SM in these states is completely massless, relativistic, yet with
the net vacuum energy given by

%quz +A . (12)
Such universes are very inhospitable. They can only have radiation
being inflated away forever, or rapidly crunching up if A is suffi-
ciently negative.

In contrast, in the vacua with N < N,, EW SSB takes place in
the IR, when the universe cools down, and the effective cosmolog-
ical constant in these states is

3 We are assuming that the Yukawa couplings to the EW fermions are fixed to
their observed values reflecting the observed reality. This is our prior, which for
example excludes the limit of the ‘weakless’ universe [20].



N. Kaloper, A. Westphal / Physics Letters B 808 (2020) 135616 3

V(g)

Fig. 1. The Christmas tree of EW SSB vacua for parameter choices A =1,c=0.1,q¢=
0.01. The red circles delineate the vacuum manifolds. The highest ‘goldilocks’ branch
with the smallest scale EW SSB vacuum has small positive cosmological constant,
the branches below are deep AdS.
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If we compare the cosmological constants in the preferred state N,
and the state N, — 1 right next to it, we find that

(13)
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c A
Since A = A + 2¢% - and, schematically, ¢ may include the CP-
violating effects in non-minimal generalizations of the Higgs sector
- it is natural to expect that CP-violating effects in non-minimal

Higgs models are small,

Ccpfeven/i]/z < 1 . (15)

This implies that the cosmological constant in the state with
N, — 1, adjacent to the conventional SM, is much smaller. The
cosmological dynamics which picks the late low energy state of
the universe, introducing dynamics in the additional cosmological
constant term A, as in for example [14,15,21,22], would therefore
have to pick the state with N, since the adjacent states either

e a) don't break EW symmetry or
e b) break it too badly, making SM too heavy.

Further, since the adjacent state with N, — 1 has a much smaller
cosmological constant, once Ay, is selected to be

An, ~107122 M7 (16)

the cosmological constant in the state N, — 1 will be huge and neg-
ative. The situation is depicted in Fig. 1 for a choice of toy model
parameters.

We note that the spacing of the cosmological constant values
around zero AA ~ qv2/c = Lcqv? ~TeV2v2 is of the same scale
as the scale of the residual cosmological constant in low-energy
supersymmetry with Ayssy ~ mg/zM% since there v ~ m3/, ~ TeV
and Mgyr < v < Mp. Hence, in our setup the scale of residual cos-
mological constant problem is reduced about as much as in models
with low-energy supersymmetry as long as c¢ is not too small.

This means, if our universe ever transitions to such a state it
will crunch immediately due to a huge negative vacuum energy.
However, since a probability of such a transition is suppressed by

277? o 2772 3ot
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Fig. 2. The distribution of the cosmological constant in the SSB vacua for parameter
choices . =1, ¢ =0.1, ¢ = 0.01. The values of the vacuum energy are shown for
flux numbers N in steps of 10.

such disastrous transitions are extremely unlikely if the scale of the
brane tension is controlled by the UV (that is, by scales of order v
so o ~ v3). In that case,

ot v~ v 3 (18)

and the state with N, units of flux is as stable as can be. In
the early universe, of course, transitions can and will occur more
rapidly - at larger values of A - which will populate states with
N, units of flux early on. These will be the states which will sup-
port interesting low energy cosmology, explaining why we observe
it [21,22]. Note also from Eq. (9) that while initially the cosmolog-
ical constant for the states N < N, decreases, becoming negative
if Ay, is anthropically selected to be in the observed window,
this quickly turns around and Ay starts to grow again thanks to
¢ < A2, We show the distribution of the cosmological constant
for a numerical example in Fig. 2.

This means that the universe with the correct small Higgs vev
is really a rather special place. Most of the other universes in our
framework have a much larger cosmological constant, with either
too large a Higgs vev or without EW SSB. There may be some uni-
verses “nearby” where the Higgs vev is O(1) larger, that would
be a problem for cosmochemistry. However those few universes
would have a large negative cosmological constant once the SM
one is selected, and hence are doubly disfavored.

3. Discussion

In summary, we have found that a nontrivial coupling of the
Higgs to topological sectors - modeled here by 4-form fluxes and
a monodromy-like mixing of the Higgs vev with it - can gener-
ate a mini-multiverse of Higgs vacua. Many of them yield wrong
low energy dynamics for the SM. The SM is either too heavy, or
EW SSB never happens. However, if the charge of the membrane
sourcing the 4-form flux is set by the EW scale, there is always
one vacuum, supporting the right SM which can get a small cos-
mological constant by cosmological evolution obeying anthropic
boundary conditions. The couplings to the 4-form which allow for
this are in fact power counting renormalizable, preserving the SM
dynamics to the tee. However, new physics can enter if the Higgs
sector is non-minimal, including CP-odd terms which break CP ex-
plicitly, at scales controlled by the 4-form sector. This might be a
way to experimentally probe the proposal - or at least, to con-
strain it, by finding that the Higgs sector does not break CP - or
in other words, it does not include CP-odd contributions at around
TeV. Another possible test is cosmology. The relaxation dynamics
of the cosmological constant requires nucleation of bubbles, and if
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the charges are set by the EW scale, the creation of such bubbles
in the late universe might have affected the cosmological gravita-
tional wave background.

Note added

While this manuscript was being written, ref. [23] appeared
which has significant overlap with our work.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We would like to thank G. D’Amico and A. Lawrence for many
very useful discussions. We also thank Brothers Grimm for in-
spiration. NK thanks CERN Theory Division, DESY Theory Group,
Mainz MITP and KITP, UCSB for kind hospitality in the course of
this work. AW thanks CERN Theory Division for kind hospitality
in the course of this work. NK is supported in part by the DOE
Grant DE-SC0009999. AW is supported by the ERC Consolidator
Grant STRINGFLATION under the HORIZON 2020 grant agreement
no. 647995, as well as by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany's Excellence
Strategy — EXC 2121 “Quantum Universe” - 390833306.

References

[1] N. Kaloper, L. Sorbo, A natural framework for chaotic inflation, Phys. Rev. Lett.
102 (2009) 121301.

[2] N. Kaloper, L. Sorbo, Where in the string landscape is quintessence, Phys. Rev.
D 79 (2009) 043528.

[3] N. Kaloper, A. Lawrence, L. Sorbo, An ignoble approach to large field inflation,
J. Cosmol. Astropart. Phys. 1103 (2011) 023.
[4] N. Kaloper, A. Lawrence, London equation for monodromy inflation, Phys. Rev.
D 95 (6) (2017) 063526.
[5] G. D’Amico, N. Kaloper, A. Lawrence, Monodromy inflation in the strong cou-
pling regime of the effective field theory, Phys. Rev. Lett. 121 (9) (2018) 091301.
[6] A. Aurilia, H. Nicolai, PX. Townsend, Hidden constants: the theta parameter
of QCD and the cosmological constant of N=8 supergravity, Nucl. Phys. B 176
(1980) 509.
[7] G.R. Dvali, A. Vilenkin, Field theory models for variable cosmological constant,
Phys. Rev. D 64 (2001) 063509.
[8] G. Dvali, A. Vilenkin, Cosmic attractors and gauge hierarchy, Phys. Rev. D 70
(2004) 063501.
[9] G. Dvali, Large hierarchies from attractor vacua, Phys. Rev. D 74 (2006) 025018.
[10] G. Dvali, Three-form gauging of axion symmetries and gravity, arXiv:hep-th/
0507215.
[11] G. Dvali, A vacuum accumulation solution to the strong CP problem, Phys. Rev.
D 74 (2006) 025019.
[12] J.D. Brown, C. Teitelboim, Dynamical neutralization of the cosmological con-
stant, Phys. Lett. B 195 (1987) 177.
[13] J.D. Brown, C. Teitelboim, Neutralization of the cosmological constant by mem-
brane creation, Nucl. Phys. B 297 (1988) 787.
[14] R. Bousso, J. Polchinski, Quantization of four form fluxes and dynamical neu-
tralization of the cosmological constant, ]. High Energy Phys. 0006 (2000) 006.
[15] J. Polchinski, The cosmological constant and the string landscape, arXiv:hep-th/
0603249.
[16] PW. Graham, D.E. Kaplan, S. Rajendran, Cosmological relaxation of the elec-
troweak scale, Phys. Rev. Lett. 115 (22) (2015) 221801.
[17] K. Choi, S.H. Im, Realizing the relaxion from multiple axions and its UV com-
pletion with high scale supersymmetry, ]. High Energy Phys. 1601 (2016) 149.
[18] L.E. Ibanez, M. Montero, A. Uranga, I. Valenzuela, Relaxion monodromy and the
weak gravity conjecture, J. High Energy Phys. 1604 (2016) 020.
[19] A. Herraez, LEE. Ibanez, An axion-induced SM/MSSM Higgs landscape and the
weak gravity conjecture, ]. High Energy Phys. 1702 (2017) 109.
[20] R. Harnik, G.D. Kribs, G. Perez, A universe without weak interactions, Phys. Rev.
D 74 (2006) 035006.
[21] S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1.
[22] S. Weinberg, Anthropic bound on the cosmological constant, Phys. Rev. Lett. 59
(1987) 2607.
[23] G.F. Giudice, A. Kehagias, A. Riotto, The selfish Higgs, arXiv:1907.05370 [hep-
ph].


http://refhub.elsevier.com/S0370-2693(20)30419-6/bib3CC3DDCBB71C95E7867B78E0D75BFCEDs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib3CC3DDCBB71C95E7867B78E0D75BFCEDs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA37FD8BCF52867C6672764C80D5A4F98s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA37FD8BCF52867C6672764C80D5A4F98s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib5E9DBCB439E920F3EC6A1DE67BD54591s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib5E9DBCB439E920F3EC6A1DE67BD54591s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib08E16EE49D060E0D511CDD567BD71F41s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib08E16EE49D060E0D511CDD567BD71F41s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA7446B70DBC1C5AA7328D1FF692D686Fs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA7446B70DBC1C5AA7328D1FF692D686Fs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibF1E25FD646B268B651E259BC6A22616As1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibF1E25FD646B268B651E259BC6A22616As1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibF1E25FD646B268B651E259BC6A22616As1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib5E4437A213DC5352ADD16EF8C7D53BADs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib5E4437A213DC5352ADD16EF8C7D53BADs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib2538FB459403BF4F0938242473E3DF4Cs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib2538FB459403BF4F0938242473E3DF4Cs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib22343917A98E767D0D66498BE6A000DEs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib246972860A5661959FFC7F1A9256B00Ds1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib246972860A5661959FFC7F1A9256B00Ds1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibD820A20DEFD5F2E13CE8C37C5FBB8F13s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibD820A20DEFD5F2E13CE8C37C5FBB8F13s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib1383D76CB9C7E76AC1E83BFC64DDA469s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib1383D76CB9C7E76AC1E83BFC64DDA469s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib76A0151AA27480954ECA641546F4E7CCs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib76A0151AA27480954ECA641546F4E7CCs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibB0C7E28AD5D88ACF53BCC1638233C1E3s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibB0C7E28AD5D88ACF53BCC1638233C1E3s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibE7B731F4C344859B26476E6678BDE3C8s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibE7B731F4C344859B26476E6678BDE3C8s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibF80AFD4F93613D205BA7B0FEA3AE9BE9s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibF80AFD4F93613D205BA7B0FEA3AE9BE9s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA5AF3C3F6914C2D7AEB0FB702B940A06s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibA5AF3C3F6914C2D7AEB0FB702B940A06s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib32EEB5766C5E5BC7411B94CB3055BE0As1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib32EEB5766C5E5BC7411B94CB3055BE0As1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibC768BB1B02065487964541245D829162s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibC768BB1B02065487964541245D829162s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibE79F9A8FB00A9833DC65A0373ED372D4s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibE79F9A8FB00A9833DC65A0373ED372D4s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib499C3322CA3375E6E10D8EDCF088516Es1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibEB43B1B003085403A0826C99876BDC61s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bibEB43B1B003085403A0826C99876BDC61s1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib8AA61519CB1B088D1AE3D01FC1E5910Fs1
http://refhub.elsevier.com/S0370-2693(20)30419-6/bib8AA61519CB1B088D1AE3D01FC1E5910Fs1

	A Goldilocks Higgs
	1 Introduction
	2 A Christmas tree of electroweak vacua
	3 Discussion
	Note added
	Acknowledgements
	References


